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A.  Contract  Background 


The  principal  investigator  has  been  conducting  research  under  a 
contract  from  the  U.S.  Army  Medical  Research  and  Development  Command 
(USAMRDC)  that  ran  from  1  March  1979  to  31  March  1984.  'Kie  work  to  be 
conducted  under  this  contract  included  preparation  and  testing  of  poly¬ 
saccharide  vaccines  to  Pseudomonas  aeruginosa.  This  research  included 
phase  1  human  trials  of  the  vaccines,  development  of  assays  to  measure 
antibody  responses  of  immunized  humans  and  infected  animals,  and  assess¬ 
ment  of  the  vaccine  potential  of  the  material  in  animal  models  of 
aerugi nosa  infection.  Other  studies  included  determinations  of  cellular 
responses  to  vaccination,  determination  of  the.  genetic  basis  of  the 
response  to  the  vaccine  in  inbred  mouse  strains,  and  assessment  of  the 
role  of  lipopolysaccharide  (LPS)  as  an  immunogenic  or  biologically  active 
component  of  the  vaccine.  Ihe  vaccine  under  contract  is  a  high  molecular 
weight  polysaccharide  (PS)  material  isolated  from  the  outer  cell  surface 
or  culture  supernate  of  P.  aeruginosa.  Similar  types  of  polysaccharides 
have  been  shown  to  be  effective  vaccines  for  a  number  of  bacterial  infec¬ 
tions,  such  as  meningitis  caused  by  Neisseria  meningitidis  and  pneumonia 
caused  by  Streptococcus  pneumoniae.  Since  aeruginosa  infections  are 
common  complications  of  wound  and  burn  injuries  that  occur  in  military 
combat,  the  PS  vaccine  under  develofmient  could  have  potential  as  a  pre¬ 
ventative  measure  for  these  infections. 

B.  Results  on  vaccine  Testing 

Under  this  contract  we  prepared  and  tested  high  molecular  weight 
polysaccharide  antigens  in  phase  1  safety  and  immunogenici ty  trials  of 
healthy  hiamans.  Ihe  polysaccharide  antigens  were  prepared  from  three 
different  immunotypes  strains  of  _P.  aeruginosa,  immunotypes  1,  2,  and  3. 
Results  regarding  the  human  immune  response  to  the  immunotype  1  high 
molecular  weight  PS  have  been  published.  We  found  that  doses  of  100-250 
ug  of  PS  induced  a  brisk  antibody  response.  The  antibody  made  was  able 
to  kill  P.  aeruginosa  in  an  opsonophagocy ti c  assay.  The  antibody  was 
found  to  be  principly  of  the  IgG  class,  although  IgA  and  IgM  responses 
were  also  made.  Similar  findings  have  occurred  with  the  PS  vaccine 
prepared  from  the  IT-2  strain.  Approximately  15  people  have  been  immu¬ 
nized  with  this  material.  All  persons  increased  their  antibody  levels 
by  four-fold  or  greater  two  weeks  following  immunization.  All  persons 
immunized  also  increased  their  opsonophagocy tic  killing  titer  by  four¬ 
fold  or  more.  Both  the  IT-1  and  IT-2  vaccines  were  very  safe  in  humans, 
eliciting  no  greater  than  a  slightly  sore  and  tender  arm  at  the  sight  of 
injection.  The  IT-3  vaccine  has  been  given  to  8  persons.  Three  of  the 
eight  persons  have  made  an  immune  response  to  this  material  while  the 
other  5  did  not.  All  persons  were  given  a  100  ug  dose.  The  reasons  for 
this  poor  response  are  unclear  and  are  currently  under  investigation. 
However,  the  problem  does  not  appear  to  be  in  the  vaccine  but  rather  in 
the  genetic  capabilities  of  humans  to  respond  to  this  material. 

He  have  also  analysed  the  mitogenic  response  of  immunized  individuals 
to  these  PS  materials.  He  have  found  that  persons  immunized  with  the  IT- 
1  and  IT-2  PS  vaccine  have  cellular  proliferative  responses  when  peri¬ 
pheral  blood  lymphocytes  are  incubated  in  culture  with  purified  PS. 
Among  immunized  persons  this  appears  to  be  a  T  cell  immune  response. 


Among  non-immune  persons  there  is  either  a  low  level  mitogenic  response, 
or  B  cell  response.  Itiese  data  suggest  that  immunization  of  humans  with 
a  high  molecular  weight  PS  induce  a  T  cell  response. 


All  of  the  remaining  aspects  contracted  for  by  the  USAMRDC  have  been 
published.  Ibe  findings  have  been  previously  submitted  to  the  USAMRDC, 
and  are  included  in  the  final  report  as  part  of  the  bibliography. 
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CORRELATION  OF  THE  BIOLOGIC  RESPONSES  OF  C3H/HEJ  MICE  TO  ENDOTOXIN  WITH 
THE  CHEMICAL  AND  STRUCTURAL  PROPERTIES  OF  THE  LIPOPOLYSACCHARIDES  FROM 
PSEUDOMONAS  AERUGINOSA  AND  ESCHERICHIA  COLf 

GERALD  B.  PIER,’  RICHARD  B.  MARKHAM,^  and  DIANE  EARDLEY 

From  The  Charming  Laboratory,  Department  of  Medicine.  Brigham  and  Women’s  Hospital,  and  Harvard  Medical  School,  and  The  Oepartmcni 

of  Microbiology,  Harvard  School  of  Public  Health,  Boston,  MA 


The  basis  of  the  biologic  responses  of  C3H/HeJ  mice 
to  endotoxin  administration  in  relation  to  the  structural 
linkages  in  the  lipid  A  portion  of  the  lipopoiysaccharide 
(LPS)  of  Pseudomonas  aeruginosa  and  Escherichia  coH 
were  investigated.  P.  aeruginosa  LPS  was  found  to  be 
immunogenic,  mitogenic,  and  toxic,  but  not  lethal,  in 
C3H/HeJ  mice.  The  observed  mitogenicity  in  spleen  cells 
was  directed  toward  immunoglobulin-  (Ig)  bearing  cells, 
was  present  in  response  to  isolated  and  solubilized  lipid 
A,  and  was  inhibitable  by  poiymixin  B.  The  P.  aeruginosa 
was  chemically  analyzed  in  order  to  define  its  com¬ 
position  and  exclude  the  presence  of  contaminating  pro¬ 
teins  being  responsible  for  the  biologic  responses  of 
C3H/HeJ  mice  that  were  observed.  Structural  analysis  of 
the  linkages  of  the  fatty  acids  to  the  glucosamine  back¬ 
bone  In  the  lipid  A  of  P.  aeruginosa  and  £.  coli  revealed 
similarities  in  terms  of  the  ratio  of  hydroxy  fatty  acids  to 
straight  chain  fatty  acids  and  the  way  in  which  these  2 
types  of  fatty  acids  were  linked  to  the  backbone.  Differ¬ 
ences  were  seen  in  the  carbon  chain  length  of  the  fatty 
acid  substituents,  and  the  substituent  on  the  hydroxy 
fatty  acid  that  is  directly  ester  linked  to  the  glucosamine 
backbone.  These  data  indicate  that  the  refractivity  of 
C3H/HeJ  mice  to  the  biologic  effects  after  the  adminis¬ 
tration  of  Gram-negative  endotoxins  may  be  limited  to 
enterobacterial  LPS.  Those  differences  we  found  in  the 
chain  length  and/or  linkages  of  the  fatty  acid  substitu¬ 
ents  in  the  lipid  A  portion  of  the  LPS  between  P.  aerugi¬ 
nosa  and  E.  coli  may  be  sufficient  to  render  C3H/HeJ 
mice  responsive  to  the  biologic  effects  of  nonenterobac- 
terial  endotoxins. 


The  ra’ractivity  of  C3H/HeJ  mice  to  the  biologic  effects  of 
lipopotysaccharide  (LPS)  or  endotoxin  from  enterobacteriaceae  is 
well  documented  (1  -S).  Among  these  defective  responses  are  the 
low  and  transient  nature  of  the  primary  antibody  response  to  the 
LPS  (2.  6),  lack  of  induction  of  mitogenesis  in  spleen  cell  cultures 
(7),  and  refractivity  of  these  mice  to  the  toxic  and  lethal  properties 
of  LPS  (1).  Recently  Spellman  and  Reed  (8)  and  Moreno  and 
Berman  (9)  have  shown  that  C3H/HeJ  mice  are  responsive  to  the 
biologic  effects  of  Brucella  abortus  LPS.  Although  there  are  some 
similarities  of  the  LPS  from  all  Gram-negative  organisms,  the 

Received  for  publication  January  a.  1981 
Accepted  tor  publication  March  24.  1981 

The  costs  ot  publication  ot  this  article  were  delrayed  in  part  by  the  payment 
ot  page  charges.  This  ahicle  must  therefore  be  hereby  marked  advertisement  in 
accordance  with  IB  U.S  C  Section  1 734  solely  to  indicate  this  fact 

'  This  work  was  supported  by  Contract  DAMP  1  7-70-C-90S0  from  the  United 
States  Army  Medical  Research  and  Development  Command 

’  Please  address  reprint  requests  to  Dr  Gerald  B  Pier.  Channmg  Laboratory. 
180  Longwood  Ave  .  Boston.  MA  02t  IS 

^  Present  address:  Depanment  ot  Medicine.  Jewish  Hospital  ot  St  Louis. 
Washington  University  School  ot  Medicine.  Si  Louis.  MO 


chemical  composition  and  the  biologic  properties  of  the  6.  abortus 
LPS  differs  markedly  from  that  of  the  enterobacterial  LPS  (10.  11) 
These  chemical  and  biologic  differences  may  readily  explain  C3H/ 
HeJ  mouse  responsiveness  to  B.  abortus  LPS.  We  have  been 
interested  in  examining  the  responsiveness  of  these  mice  to  the 
LPS  of  Pseudomonas  aeruginosa,  which  has  a  lipid  A  structure 
that  more  closely  resembles  that  of  the  enterobacteriaceae.  The 
lipid  A  portion  of  the  LPS  has  been  shown  to  be  responsible  for 
most  o*  the  biologic  activities  ot  this  molecule  (1 2.  13).  A  compar¬ 
ison  between  LPS  preparations  with  similar  lipid  A  moieties  would 
then  allow  a  more  precise  determination  of  what  structural  prop¬ 
erties  of  the  lipid  A  portion  of  the  LPS  may  account  for  the 
nonresponsiveness  of  the  C3H/HeJ  mouse  strain  to  the  biologic 
effects  of  endotoxin. 

P.  aeruginosa  is  a  Gram-negative  rod  that  causes  infections  in 
immunocompromised  hosts  that  are  often  fatal  (14, 15).  Numerous 
workers  have  thought  that  this  endotoxin  from  P.  aeruginosa  is 
structurally  and  behaviorally  similar  to  enterobacterial  LPS  (IS¬ 
IS).  Although  Pier  ef  al.  (19)  and  Orewry  et  at.  (20)  have  found 
differences  in  the  lipid  components  of  P.  aeruginosa  LPS  from 
those  seen  in  Escherichia  coli  and  Salmonella  typhimurium  LPS 
(16)  there  are  some  striking  similarities  in  the  ratios  of  hydroxy 
fatty  acids  to  straight  chain  fatty  acids,  and  the  linkages  of  these 
2  kinds  of  tatty  acids  to  the  glucosamine  disaccharide  backbone. 
In  addition,  the  glucosamine  backbone  of  P.  aeruginosa  has  been 
shown  to  have  a  ^  1 ,6  linkage  like  that  of  the  enterobacteriaceae 
(20).  and  to  be  phosphorylated  in  a  similar  manner.  We  therefore 
have  investigated  the  biologic  responses  of  C3H/HeJ  mice  to  P. 
aeruginosa  LPS  and  determined  the  nature  of  the  tatty  acid  link¬ 
ages  in  the  lipid  A  portion  of  this  LPS.  We  have  found  that  minor 
structural  differences  between  P  aeruginosa  and  enterobacterial 
LPS  have  a  profound  impact  on  the  ability  of  C3H/HeJ  mice  to 
respond  to  the  biologic  effects  of  these  2  endotoxins. 

MATERIALS  AND  METHODS 

Animals  Normal  8-  to  40-wK-olc)  C3H/HeJ  mice  were  obtained  from 
either  Jackson  Laboratories  Bar  Harbor.  ME.  or  the  Animal  Resources 
Center.  Harvard  School  ot  Public  Health  The  older  mice  were  only  used  in 
mitogenicity  assays  Six-  to  8-wk-old  C3H/ANF  and  BALB/c  mice  were 
obtained  from  Cumberland  View  Farms.  Clinton,  TN 

Materials  LPS  from  P  aeruginosa  was  obtained  by  2  methods  trom  4L 
of  trypficase  soy  broth  cultures  grown  for  48  hr  at  JT^C  with  immunotype 
1  P.  aeruginosa  The  first  involved  phenol-water  extraction  of  the  pelleted 
cells  by  the  method  ol  Westphal  and  Jann  (21).  lollowed  by  chromatography 
of  the  ultracentrifuge  pellet  on  a  Sepharose  CL  4B  column.  2  6  x  1(X)  cm. 
recovery,  and  ultralillration  concentration  ot  the  void  volume,  then  a  linai 
cold  phenol  extraction,  separation  ot  the  phenol  and  water  phases,  recov¬ 
ery.  dialysis,  and  lyophiiizalion  ol  the  aqeuous  phase  The  2nd  method 
involved  concentration  of  the  cultural  supernatant  to  250  ml  on  Amicon 
(AmiconCorp  .  Lexington.  M A)  ultraliltralion  membranesfXM  KX)).  removal 
of  cellular  debris  by  cenintugation  at  20.000  rpm  lor  30  min.  and  pelleting 
out  the  LPS  in  the  ultracenlnluge.  resuspending  the  pellet  in  distilled  water, 
and  recovery  by  a  second  ultracentritugation  This  material  was  dissolved 
in  water,  extracted  with  cold  phenol  for  46  hr.  the  aqeuous  layer  was  then 
recovered,  dialyzed  against  distilled  water,  and  then  applied  to  the  Sepha¬ 
rose  CL  4B  column  The  resultant  void  volume  was  treated  as  above  by 
oltralillration  concentrations,  phenol  reextraclion.  recovery,  dialysis,  and 
lyophilization  The  LPS  from  the  phenol-water  extracted  cells  was  desig- 
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Rated  PW-LPS/  and  the  LPS  from  the  concentrated  cultural  supernatant 
was  designated  CCS-LPS.  Control  phenol-water  LPS  from  E.  coh  026:86 
was  obtained  from  Oifco  Laboratories.  Detroit,  Mi.,  and  control  S.  typht- 
munum  Rc  mutant  LPS  was  obtained  from  Dr  J  C  Sadotf,  Walter  Reed 
Army  Institute  of  Research.  High  m.w.  polysaccharide  (PS)  from  immunotype 
1  P.  aeruginosa,  which  reacts  as  an  immunologic  identity  to  the  "O  "  side 
chain  of  immurK>type  1  LPS,  was  used  in  the  splenic  plaque-forming  cell 
(PFC)  assay  arKl  prepared  as  previously  described  (19).  Isolated  lipid  A 
from  P  aeruginosa  LPS  was  obtained  by  hydrolysis  of  the  LPS  in  1  %  acetic 
acid  at  90**C  for  6  hr  to  cleave  and  precipitate  the  lipid  A  portion.  After 
recovery  by  centrifugation  the  lipid  A  was  solubilized  with  triethyiamine  and 
complexed  to  bovine  serum  albumin  (BSA)  as  described  (22). 

Chemical  analysis  Determinations  of  the  biochemical  components, 
monosaccharide,  and  lipid  composition  of  the  LPS  antigens  employed  were 
done  as  follows:  Protein  was  determined  by  the  method  of  Lowry  et  al  (23). 
nucleic  acid  was  determined  by  the  absorbance  at  254  nm  of  the  antigens 
with  yeast  RNA  as  a  standard  (not  corrected  for  LPS  end  absorption 
effects),  monosaccharide  and  lipid  components  were  determined  quantita¬ 
tively  and  qualitatively  by  gas  liquid  chromatography  as  described  (19).  2* 
keto-3-deoxy  octulosomc  acid  (KDO)  was  determined  by  the  thiobarbitunc 
acid  assay  (24)  using  purified  KDO  as  standard  (Sigma  Chemical  Co  .  St. 
Louis.  MO),  and  heptose  was  determined  by  the  cysteine-sulfunc  acid 
method  (24)  using  L-glycero-o-mannoheptose  as  standard,  which  was  kindly 
supplied  by  Or  6  Cox,  National  Bureau  of  Standards.  Rockville.  MD 
Linkages  of  the  fatty  acids  to  the  lipid  A  component  of  the  P.  aeruginosa 
LPS  were  determined  by  the  methods  of  Rietschei  et  aJ.  (16)  ana  Orewry  et 
al  (20).  except  that  BFa  methanol  was  used  to  methylate  (he  fatty  acids 
released  by  alkaline  sodium  methoxy  treatment  after  the  determination  of 
the  fatty  acids  that  were  released  and  methylated  by  the  sodium  methoxy 
treatment  itself 

Immunogenicity  studies  Spleens  from  mice  injected  with  LPS  were  tested 
for  PFC  by  a  slide  modification  of  the  splenic  PFC  assay  as  described  by 
Jerne  and  Nordm  (25).  or  by  the  method  of  Cunningham  and  Szenberg  (26) 
Sheep  red  blood  cells  (SRBC)  were  sensitized  with  P.  aeruginosa  PS  ¥vith 
chromium  chloride,  employing  0.5  ml  of  packed  cells,  1 .0  mg  of  PS  in  1  0 
ml  of  0  1 5  M  sodium  chloride,  and  1 .0  ml  of  a  0.07%  solution  of  chromium 
chloride  The  mixture  was  allowed  to  stand  for  5  min  after  which  the 
sensitized  cells  were  washed  3  times  with  saline  and  used  at  a  final 
concentration  of  10%  SRBC  were  sensitized  with  the  £  coh  026  LPS  by 
the  method  of  Rudbach  (27). 

Assay  of  antibodies  Determinations  of  serum  antibody  levels  to  P 
aeruginosa  PS  after  immunization  with  LPS  were  done  by  using  a  radioactive 
antigen-binding  assay  (R  ABA)  as  described  by  Farr  (28).  Intrinsically  labeled 
’^C  PS  was  employed  as  antigen^  (specific  activity  0.52  cpm/ng)  at  a 
concentration  of  6000  ng/ml  Fifty  microliters  of  antigen  and  100  ^1  of 
serum  were  reacted  for  2  hr  at  37®C.  then  overnight  at  4®C  Preparation  of 
material  for  counting  was  done  as  described  by  Farr  (28)  Quantitation  of 
the  immune  response  measured  in  the  RABA  was  done  by  determining 
antibody  levels  m  the  serum  of  3  rabbits  and  from  2  pooled  mouse  sera  by 
quantitative  precipitms  Plotting  of  the  percentage  binding  of  these  sera  in 
the  RABA  versus  the  log^  antibody  concentration  and  analysis  by  linear 
regression  calculations  yielded  a  coefficient  of  correlation  (r  )  of  0  9  7.  and 
the  tormui  ^  tor  calculating  the  serum  antibody  concentration  Determina¬ 
tions  ot  serum  antibody  levels  to  the  £  coh  LPS  were  done  by  passive 
hem.Kiqiutination  as  described  by  Rudbach  (27) 

MitogvniC'ty  Cultures  of  10*  vizbie  spleen  cells  were  placed  in  round 
bottom  microtiter  wells  of  7-mm  diameter  (Lmbro  Laboratories.  Hamden 
CT)  with  total  volume  of  200  ^1  The  medium  was  RPMI  1640  wth  lO'’. 
fetal  cair  serum,  2  mM  L-glufamme.  penicillin,  and  slreptomyrm  LPS  at  1h»' 
indiCiiti^d  concentration  was  added  at  the  time  of  culture  initiation  Each 
culture  was  established  in  duplicate  and  allowed  to  incubate  for  3  days  m 
a  humidified  5%  CO.  atmosphere  at  37®C  Each  well  received  0  2  ^*Ci  ot 
tntiated  thymidme  (6  7  Ci/mmof.  New  England  Nuclear.  Boston.  MA)  I8  hr 
before  cells  were  harvested  in  a  multiple  sample  harvester  (Flow  LatKuito 
nes  Rockville.  MD)  The  trichloroacetic  acid-precipitable  radioactivity  was 
measured  m  a  Beckman  liquid  scintillation  counter  (Beckman  Laboratories 
Palo  Alto.  CA)  Mitogenicity  studies  using  polymixin  8  sulfate  (Pfizer  Labo¬ 
ratories  New  York)  were  performed  by  adding  an  equal  weight  of  the 
antibiotic  and  mitogen  together  in  the  tissue  culture  well 

C»^'‘u/ar  selection  for  m/fogenesrs  Treatment  of  murine  splenocytes  with 
antisera  to  the  Thy  1  2  and  tmmunoglobulin  (Ig)  defermmanfs  were  per 
formed  as  follows  Anti-Thy  t  2  aMoantisera  (Accurate  Chemical  Co  .  Hicks* 
ville  NY)  were  diluted  t  /20  in  Hanks  balanced  salts  solution  (HBSS)  and 
harvested,  washed  splenocytes  were  resuspended  in  this  solution  at  a 

*  Al)brpvia1ions  used  in  this  paper  PW-LPS.  LPS  from  phenol-w.it»‘i  e»lracl<*vl 
cells  PS  polysaccharide.  CCS-LPS.  LPS  from  concentrated  culture  of  super¬ 
natant.  RABA.  radioactive  antigen-bindmg  assay.  KDO.  2*keto-3-deoKy  octulo- 
sonic  actd  EOTA.  ethylenediam  netetraacetic  acid.  HBSS  H.anks  balanced  salts 
solution  LPA.  Iipid  A  protein 
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concentration  of  10'  cells/ml.  The  celt  susi>cnsion  was  incubated  at  4®C 
for  60  min,  the  cells  were  recovered  by  centrifugation  and  resuspended  in 
a  1/20  dilution  of  rabbit  Lo-tox  complement  (C).  (Accurate  Chemical  Co  ) 
in  HBSS.  ar^d  incubated  at  37®C  for  60  min  The  cells  were  then  recovered 
by  centrifugation  and  resuspended  in  a  volume  of  the  RPMI  1640  tissue 
culture  medium  equal  to  the  original  volume  giving  10'  celis/ml.  Treatment 
of  Ig-bearing  splenocytes  was  done  in  a  similar  manner,  except  that  rabbit 
ant»-mouse-lg  (Accurate  Chemical  Co.)  was  employed  in  the  presence  of 
0.01%  azide.  Cell  controls  for  these  studies  were  cells  treated  with  buffer 
and  C  alone.  The  effectiveness  of  the  anti-Thy  1 .2  serum  treatment  was 
measured  by  the  reduction  in  mitogenesis  induced  by  the  T  cell  mitogen, 
phytohemagglutinin  (PHA),  and  the  effectiveness  of  the  anti-lg  serum  treat¬ 
ment  was  assessed  by  the  reduction  in  LPS-induced  mitogenesis 

Lethality.  The  lethal  effects  of  the  LPS  preparations  were  assayed  m 
mice  by  the  i.p  injection  of  graded  doses  of  LPS  m  0  5  ml  saline.  Endotox- 
emia  was  evaluated  by  the  appearance  of  the  following  symptoms  closed, 
crusted  over  eyes,  rigors,  abnormal  appearance  of  fur.  and  diarrhea 
Short  term  retractivity  to  LPS  lethality  C3H/ANF  mice  were  primed  with 
sublethal  doses  of  the  P.  aeruginosa  and  £  coh  LPS  and  challenged  30  hr 
later  with  a  previously  determined  lethal  dose  of  these  antigens  in  order  to 
assess  short-term  retractivity  to  the  lethal  effects  of  endotoxin  after  pnmmg 
with  sublethal  doses. 

RESULTS 

Chemical  composition.  Table  I  lists  the  various  chemical  com¬ 
ponents  found  in  the  P.  aeruginosa  and  E.  coh  LPS  used.  The  2  P 
aeruginosa  specimens  were  essentially  identical  in  terms  of  their 
contamination  with  protein  and  nucleic  acids,  whereas  the  £  coh 
LPS  contained  a  high  level  of  protein  contamination  but  a  reduced 
level  of  nucleic  acid  contamination.  As  previously  reported  (18),  P. 
aerugrnosa  LPS  has  a  high  carbohydrate  to  lipid  weight  ratio 
whereas  the  £.  coli  LPS  had  nearly  a  1 :1  weight  ratio  of  carbohy¬ 
drate  to  lipid.  These  ratio  values  were  based  on  the  weight  per¬ 
centage  of  totally  identified  lipid  and  carbohydrate  compounds  in 
the  LPS  preparations,  excluding  ribose  and  deoxyribose. 

Table  II  shows  the  monosaccharide  composition  of  the  P  aerugi¬ 
nosa  LPS  used.  Both  preparations  had  simitar  KDO  and  heptose 
contents,  with  the  qualitative  and  quantitative  composition  of  the 
remaining  monosaccharides  being  very  similar.  This  confirmed  that 
the  2  isolation  procedures  used  to  obtain  LPS  from  P.  aeruginosa 
yielded  essentially  identical  materials. 

Table  III  lists  the  lipid  components  found  in  the  2  P.  aeruginosa 
and  the  E  coh  LPS  employed.  P  aeruginosa  LPS  showed  a 
qualitative  difference  in  lipid  composition  from  that  ot  £  coh  LPS. 
but  both  showed  a  high  molar  ratio  of  total  hydroxy  fatty  acids 
relative  to  the  molar  rat*o  of  total  straight  chain  fatty  acids  VVe 
again  found  unsaturated  C  16  and  C  18  fatty  acids  in  the  P 

table  i 

Companson  of  tne  chemical  components  m  thv  iPS  r.it  >'•  • 


Co'Tipononl* 

Carbohydrate 

PW-IPS 

?C  2 

CC'>  It'  ^ 

61  -1 

1  i' 

Lipid 

8  3 

9 

■ 

Protein 

0  8 

0  6 

21 

Nucleic  add 

_6  ^ 

S  A 

t  h 

Total  percentage  identified 

91  9 

9r  S 

99  ' 

*  Sf*e  KtiU'iia's  and  Methods;  for  procedures  used 
PW-LPJ*.  phenol  water  e*trac1ed  P  aeruginosa  LPS  CCS-LPS,  coucc'' 
(rated  cultural  supernatant  LPS 

Represents  weight  percer-iaqo  determined 


TABLE  II 

MonosacchanOe  composition  ol  the  P  aeruginosa  LPS  an1iQ‘>r>:. 

Monosacch.^n.Jv 


mar> 

glu 

KDO 

gij.rtm 

galaiT' 

h€?t' 

deoty  Q^i 

PVV  LPS 

1  77'’ 

0  09 

2  1 1 

0  20 

0  29 

0  29 

0  20 

♦  *■ 

CCS-LPS 

t  86 

0  13 

2  14 

0  19 

0  26 

0  .11 

0  24 

*■  ♦ 

■*  rham.  fhamnose.  man.  mannose,  glu.  glucose  KDO.  2-keto-3-deoxyocto- 
ooaie;  gluam.  2-acetamido-2-dcoKyglucose.  galam.  2-acetamido-2-<leoiygaiac- 
lose.  hep.  i-glycero-d-manno  heptose.  2  6-dideo*y  gal.  2-acetamido.2.6-dideo<- 
ygaiactose 

*■  Micromoles  monosaccharide  per  milligram  dry  weight 
Not  Quantifiable  due  to  unavailability  of  standard 
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‘aeruginosa  LPS  as  we  have  previously  reported  (19),  whereas 
other  workers  (1 7,  20)  did  not  find  these  fatty  acids. 

The  linkages  of  the  fatty  acids  to  the  lipid  A  portion  of  the  P 
aeruginosa  and  C.  coli  LPS  were  determined  by  alkaline  hydroxy- 
aminolysis  and  alkaline  methanolysis  (15.  20).  Our  results  are 
depicted  in  Figure  1  and  Table  IV.  The  linkages  determined  for  the 
fatty  acids  in  the  P.  aeruginosa  LPS  are  consistent  with  the  results 
of  Orewry  et  al.  (20)  showing  that  unsubstituted  3  hydroxydo- 
decanoic  acid  (3;OH  C  1 2)  is  linked  to  the  amide  residues  on  the 
glucosamine  disaccharide  backbone  (Ref.  point  1 .  Fig.  1),  whereas 
dodecanoic  acid  (C  1 2),  3  hydroxydecanoic  acid  (3:OH  C  1 0).  and 
a  trace  amount  of  3  hydroxydodecanoic  acid  (3:OH  C  12)  are 
directly  ester  linked  to  the  free  hydroxyl  groups  of  the  glucosamine 
disaccharide  (Ref.  points  2  and  3,  Fig.  1 ).  2  Hydroxydodecanoic 
acid  (2;OH  C  12),  hexadecanoic  acid  (C  16),  hexadecenoic  acid 
(C  16:1),  octadecanoic  acid  (C  18),  and  octadecenoic  acid  (C  18. 

1 ) are  likely  ester  linked  to  the  3  hydroxydecanoic  acid  (3:OH  CIO) 
that  is  directly  ester  linked  to  the  glucosamine  disaccharide  back¬ 
bone  (Ref.  point  4,  Fig.  1). 

The  fatty  acid  linkages  in  the  E.  coli  LPS  were  found  to  be  similar 
to  those  reported  by  Rietschel  et  al.  (16)  for  S.  typhimurium  LPS. 
showing  unsubstituted  3  hydroxytetradecanoic  acid  (3;OH  C  1 4. 
Ref.  point  1'.  Fig.  1)  linked  to  the  amide  residues  of  the  glucosa¬ 
mine  backbone,  while  ester  linked  to  the  free  hydroxyl  groups  were 
dodecanoic  acid  (C  1 2).  hexadecanoic  acid  (C  1 6).  and  3  hydrox¬ 
ytetradecanoic  acid  (3:OH  C  14,  Ref.  points  2'  and  3'.  Fig.  1),  and 
linked  to  the  3  hydroxyl  group  of  the  ester  linked  3  hydroxytefra- 
decanoic  acid  (3:OH  C  14)  was  tefradecanoic  acid  (C  14,  Ref. 
point  4*.  Fig.  1).  Thus,  the  major  differences  seen  between  the  P, 
aerguinosa  and  E.  coli  lipid  A  structures  were  in  the  length  of  the 
carbon  chains  of  the  substituent  fatty  acids,  and  the  nature  of  the 
fatty  acid  substituent  on  the  hydroxy  fatty  acid  directly  ester  linked 
to  the  glucosamine  disaccharide  backbone  (Ref.  points  4  and  4'. 
Fig.  1). 

Immunogenicily  Figure  2  shows  the  dose-response  curve  of  3 
mouse  strains  in  the  splenic  PFC  assay  at  day  5  to  immunization 
with  P.  aeruginosa  LPS.  There  is  little  difference  in  the  response  to 
this  antigen  between  the  C3H/HeJ  and  C3H/ANF  mouse  strains. 
BALB/c  mice  are  slightly  more  responsive  to  lower  doses  of  P. 
aeruginosa  LPS  than  are  doth  the  C3H  strains,  but  less  responsive 
to  higher  doses  of  LPS.  Measurements  of  the  serum  antibody 
levels  from  these  mice  (Table  V)  confirms  no  apparent  differences 
in  the  responses  of  the  2  C3H  mouse  strains  to  P.  aeruginosa  LPS. 

Figure  3  shows  the  dose-response  curve  of  the  2  C3H  mouse 
strains  to  the  £  coli  026  LPS  in  the  splenic  PFC  assay  at  5  days 
after  immunization.  These  data  duplicate  the  results  of  Watson  and 
Riblet  (2)  showing  that  the  responder  C3H/ANF  mice  make  a 
significant  PFC  response  over  a  wide  range  of  LPS  doses,  whereas 
the  nonresponder  C3H/HeJ  strain  make  a  lower  response  over  a 

TABLE  III 

Lipid  cofTiposit'On  of  P  aerugmoss  and  E  coh  LPS  antigens 

Antigpn 

Lipid  P  aeruginosa 

- £■  co/i  LPS 


PW-LPS 

CCS-LPS 

3  OH  CIO" 

0  12'’ 

0  14 

0 

2  OH  C12 

0  36 

0  34 

0 

3  OH  Cl  2 

0  33 

0  31 

0 

3  OH  C14 

0 

0 

0  69 

Total  molar  ratio  hydroxy  tatty  acids/total 
moles  fatty  acids  found 

0  81 

0  79 

0  69 

C  12 

0  06 

0  08 

0  06 

C  14 

0 

0 

0  16 

C  16 

0  06 

0  04 

0  to 

C  16  1 

0  03 

0  02 

0 

C  18 

0  01 

0  03 

0 

C  18  1 

0  04 

0  04 

0 

Total  molar  ratio  of  straight  chain  fatty 

0  19 

0  21 

0  31 

acids/total  moles  fatty  acids  found 

•  3:OH  CIO.  3-hydfOxydecano»c  ac«d;  2  OM  Cl  2.  2-hydroxydod€cano«c  acid. 
3  OH  Ct2.  3-hydroxydodecanoic  acid.  3  OH  Cl  4.  3'hydroxyletradecanoic  acid. 
C  12.  dodecarioic  acid.  C  14.  letradecanoic  acid.  C  16.  hexadecanoic  acid.  C 
f6  t  hexadecenoic  acid.  C  18.  octadecanoic  acid,  C16  i.  octadecenoic  acid 
Molar  ratio  of  lipids  per  total  moles  identified  fatty  acids 
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figure  1  Structural  depiction  of  the  fatty  acid  aubatftuenta  arid  their  linkages 
to  the  giucoseamine  disaccharide  backbofie  in  Pseudomonas  aeruginosa  (upper) 
and  Escherichia  coh  (tower)  LPS.  Ret.  (refererice)  points  refer  to  those  linkage 
positions  between  the  2  structures  that  indicate  the  points  of  comparison  in  the 
text  Abreviations;  GLU  AM.  2-«minO'2<deoxy  glucose:  OH.  hydroxyl  substituent. 
3:OH  C>12.  3>hydroxydodecanoic  acid;  Cl2.  dodecanoic  acid;  3:OH  CIO.  3 
hydroxydecanoic  acid:  2:OH  C12.  G^hydroxydodecanotc  acid;  3:OH  C14.  3> 
hydroxytetradecanoic  acid;  Cl 6.  hexadecar>oic  acid.  Cl 6:1.  hexadecenoic  acid. 
Cid.  octadecanoic  acid:  Cl  8:1  octadecerK>ic  acid.  Figure  is  drawn  after  method 
ot  Qalanos  et  al  (39). 

TABLE  IV 

Release  of  ferry  adds  after  m/ld  alkaline  methanolysis  of  hpid  A  frachons  (A) 
and  tatty  adds  present  after  methylation  with  BFs  mefhanot  (B)* 


P  aerugetose 

E 

coll 

L«D»d 

A 

B 

A 

B 

Dodecanoic  acid 

319' 

337 

312 

347 

Tefradecanoic  acid 

Trace 

512 

Hexadecanoic  acid 

2 

3 

216 

201 

3-Hydroxydecanoic  acid 

791 

776 

2-Hydroxydodecanoic  acid 

Trace 

419 

3-Hydroxy(iodecano»c  acid 
3-HydToxyieiradecanoic  acid 

19 

22 

616 

682 

Minor  components 

Trace 

53 

^  After  Orewry  ef  al  (t6) 

^  Represents  ratio  of  peak  area  found  to  that  relative  to  an  internal  standard 
of  methyl  heptadecanoate  as  1000. 

Mtnor  components  hexadecanoic  acid  (Ci€).  hexedecenoic  acid  (Ci6  t). 
(xrtadecanofc  acid  (CIS),  and  octadecenoic  acid  (C18  1) 


narrow  (josage  range.  Serum  titers  from  these  mice  in  a  hemagglu¬ 
tination  assay  are  listed  in  Table  VI.  and  again  parallel  the  findings 
of  Watson  and  Riblet  (2). 

Mitogertiaty.  Figure  4  depicts  the  net  incorporation  of  tritiated 
thymidine,  expressed  as  the  difference  in  cpm  of  incorporated 
into  LPS  stimulated  cultures  from  unstimulated  controls,  (back¬ 
ground  counts  were  4890  cpm  in  C3H/HeJ  cultures,  and  4732  in 
C3H/ANF  cultures)  in  spleen  cell  cultures  taken  from  C3H/ANF 
and  C3H/HeJ  mice  stimulated  with  both  P.  aeruginosa  and  6.  colt 


196.1] 


STRUCTURAL  CORRELATES  OF  LPS  RESPONSE  IN  C3H/HeJ  MICE 


11  187 


9 


LPS 

Figure  2  Dose  response  curve  in  the  splenic  PFC  assay  after  immunization 
with  LPS  from  Pseudomonas  aeruginosa.  PFC/spleen  indicate  total  plaques 
emulated  per  irKlividual  mouse  spleen.  Points  indicate  average  of  5  mice  and 
bar  represents  ±  SD. 

TABLE  V 


Serum  antibody  levels  of  mice  immunited  with  the  PW-LPS  from  P.  aeruginosa 


Dosage  LPS 

Mouse  Strain 

' 

a9 

0  001 

9  4“ 

ND“ 

NO 

0.01 

568 

<2.0 

<2.0 

oos 

NO 

5.S 

8.4 

0.10 

84  2 

NO 

NO 

0.50 

62.8 

31.7 

48.7 

1.00 

43.2 

44.1 

63.8 

5.00 

62.3 

26.6 

28.2 

*  Represents  average  micrograms  per  milliliter  of  serum  antibody  from  5 


irKlividual  mice  immunized  with  indicated  dosage  of  LPS  S  days  postimmunizafi^. 
^  NO.  not  determined 


01  0i  lO  O  25  KX) 

>jg  LPS 


Figure  3  Dose  response  curve  m  the  splenic  PFC  assay  after  immunization 
with  £  coll  026  LPS.  PFC/spleen  indicate  total  plaques  calculated  per  individual 
mouse  spleen.  Poinis  irulicaie  average  of  5  mice  and  bar  represents  ±  SO 

LPS.  It  can  be  seen  that  the  C3H/HeJ  mice  respond  mitogenically 
to  P.  aeruginosa  LPS  but  to  a  lesser  degree  than  do  C3H/ANF 
mice.  The  maximal  response  of  these  2  mouse  strains  occurs  at 
closely  related  doses  (5  to  25  f<g/ml}  of  the  P.  aeruginosa  LPS. 
but  the  maximal  response  ol  C3H/HeJ  spleen  cell  cultures  at  5.0 
/ig/ml  is  only  37.6%  of  the  maximal  C3H/ANF  response  at  25.0 
fig/ml.  At  the  highest  dose  tested  of  P.  aeruginosa  LPS,  100  itg/ 
ml,  C3H/ANF  spleen  ceils  are  still  maximally  responsive  whereas 
the  C3H/HeJ  response  has  precipitously  fallen  off.  The  response 
to  the  £.  coli  LPS  is  also  shown  in  Figure  4  and  indicates  that  the 
C3H/HeJ  spleen  cells  were  totally  refractive  to  mitogenic  stimu¬ 
lation  by  this  LPS,  whereas  the  C3H/ANF  mice  were  totally  re¬ 
sponsive.  For  both  mouse  strains,  doses  of  E.  coli  LPS  equal  to  or 
greater  than  100  ^g/ml  were  highly  inhibitory  to  the  cultures. 


Interestingly,  the  dose-response  curve  of  the  C3H/ANF  mice  to 
the  f.  coli  LPS  was  identical  to  that  for  P.  aeruginosa  LPS. 
Mitogenicity  studies  on  the  "O' '  side  chain  polysaccharide  from  P. 
aeruginosa  and  £.  coli  LPS  indicate  that  these  polysaccharides 
themselves  are  not  mitogenic  in  this  dosage  range  (manuscript  in 
preparation).  This  clearly  implicates  the  lipid  A  from  P.  aeruginosa 
LPS  as  being  responsible  for  the  mitogenicity  observed. 

To  test  further  the  hypothesis  that  lipid  A  is  the  mitogenically 
important  component  of  P.  aeruginosa  LPS.  we  studied  the  mito¬ 
genicity  of  P.  aeruginosa  LPS  on  purified  T  and  B  cells  from  C3H/ 
ANF  and  C3H/HeJ  spleens,  as  well  as  the  mitogenicity  of  sotubi- 
iized  lipid  A-BSA  on  intact  splerwcytes.  Table  VII  shows  that  in 
both  moose  strains  anti  Thy  1 .2  -f  C  treatment  had  little  or  no 
effect  on  reducing  the  mitogenicity  of  the  P.  aeruginosa  LPS  when 


TABLE  VI 

Serum  antibody  titer  of  mice  immunized  with  £  co//  LPS 


Dosage  LPS 

C3H/ANF 

C3H/Hej 

AO 

0 

<2“ 

<2 

0.1 

32 

4 

1.0 

256 

16 

10.0 

512 

8 

2S.0 

512 

16 

1000 

126 

4 

*  Represents  reciprocal  of  serial  2-fofd  serum  dilution  sbowmg  positive  aggiu- 
tination  for  sensitized  sheep  RBC. 
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Figure  4  Seventy'two  hour  <ncorcx>ration  of  tntiated  thymidine  (^H)  into 
spleen  cell  cultures  from  C3H.  ANF  and  C3H/HeJ  mice  after  stimulation  by  the 
indteafed  doseage  of  LPS  Points  indicate  average  incorporation  of  into 
dutMicale  cultures  after  subtraction  of  the  cpm  of  incorporated  into  unstimu* 
tated.  control  cultures  (see  text  for  background  cpm  subtracted) 


TABLE  VM 

Mitogenic  responses  of  C3H  ANF  and  C3H/HeJ  splenocytes  to  P  eeruginosa 
LPS  (PA'LPS).  £  cofi  LPS  (EC-LPS)  and  PHA  after  treatment  of  cells  with  ant<- 
Thy  I  2  or  anti'lg  pfus  C 


Mouse  Snatn 

Ce*  Treatmsni 

C3H  ANf 

C3H  HeJ 

PA-lPS 

tC-lPS 

pha 

PA-LPS 

EC-LPS 

PHA 

C  Onfy 

44  8“ 

48  0 

18  8 

10  7 

I  2 

34  2 

i^1i>Thy  12^0 

46  5 

46  6 

1  4 

9  4 

1  0 

Anii-tg  ♦  C 

16  2 

1 1  8 

23  5 

t  7 

0  2 

24  3 

*  Represents  cpm  k  to*  incorporated  thymidine  minus  (he  background 
coi^ts;  background  values  (average  cpm  of  duplicate  cultures)  C  only  treated 
ceHs.  4tf6  for  C3H/ANF  mice.  4569  for  C3H/HeJ  mice:  anti>Thy  1  2-treated 
cells,  3071  for  C3H/ANF  mice.  3945  for  C3H/HeJ  mice,  anti-lg-treafed  ceiis. 
1093  for  C3M/ANF  mice.  16)3  for  C3M/MeJ  mice 

*  BKD.  background 
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compared  to  the  mitogenicity  induced  in  C  only  treated  control 
cells.  A  similar  effect  was  noted  in  the  responder  mice  with  the  E. 
coli  LPS.  This  treatment  did  reduce  the  PHA-induced  mitogenesis 
by  92,7%  in  C3H/ANF  mice  and  by  100%  in  C3H/HeJ  mice.  In 
contrast,  anti-lg  +  C  treatment  of  cells  reduced  the  P.  aeruginosa 
arKl  E.  coli  LPS-induced  mitogenesis  by  63.7  and  75.4%,  respec¬ 
tively,  in  responder  C3H/ANF  mice,  and  the  P.  aeruginosa  LPS- 
induced  mitogenesis  by  71.3%  in  nonresponder  C3H/HeJ  mice. 
Reduction  of  PHA-induced  mitogenesis  in  anti-lg  +  C-treated  cells 
was  negligible  or  increased.  Thus,  the  P.  aeruginosa  LPS  prepa¬ 
ration  was  a  mitogen  for  Ig  but  not  Thy  1 .2-bearing  cells,  supporting 
the  view  that  this  LPS  is  a  polyclonal  B  cell  mitogen  in  both 
responder  and  nonresponder  C3H  mice.  This  property  has  been 
shown  to  be  induced  by  the  lipid  A  portion  of  the  LPS  (1 2). 

Next  we  examined  the  ability  of  polymixin  B  to  inhibit  the  spleen 
cell  mitogenesis  induced  by  intact  LPS  and  solubilized  lipid  A-BSA 
preparations  in  C3H/ANF  and  C3H/HeJ  mice.  This  antibiotic  has 
been  shown  to  block  LPS-induced  lymphocyte  mitogenesis  (29). 
Table  VIII  shows  that  polymixin  B  reduced  the  mitogenesis  induced 
by  the  P.  aeruginosa  and  E.  coli  intact  LPS  in  C3H/ANF  mice  by 
86.8  and  94.0%,  respectively,  when  compared  to  the  mitogenesis 
induced  in  the  absence  of  the  antibiotic.  In  C3H/HeJ  mice,  the  P. 
aeruginosa  LPS-induced  mitogenesis  was  reduced  by  83.1%  in 
the  presence  of  polymixin  B,  whereas  the  low  level  of  mitogenesis 
seen  in  this  experiment  induced  by  E.  coli  LPS  was  unaffected  by 
the  antibiotic.  Solubilized  lipid  A-BSA  from  P.  aeruginosa  was 
mitogenic  for  both  the  C3H/ANF  and  C3H/HeJ  spleen  cells  to  a 
degree  comparable  to  that  of  the  intact  LPS.  and  this  reactivity  was 
also  inhibitable  by  polymixin  B. 

Toxicity  and  lethality  for  mice.  Figure  5  shows  the  dose-response 
curve  of  C3H/ANF  and  C3H/HeJ  mice  to  graded  doses  of  the  P. 
aeruginosa  endotoxin.  The  grading  of  endotoxemia  was  done  by 
an  observer  every  8  hr  who  was  unaware  of  the  mouse  strain  or 
doseage  of  endotoxin  used.  TheC3H/HeJ  mice  showed  suscepti¬ 
bility  to  the  endotoxin  poisoning  effects  of  P.  aeruginosa  LPS,  but 
it  required  higher  doses  to  elicit  these  effects  than  in  the  C3H/ 
ANF  mice  and  the  toxicity  was  of  a  lesser  intensity  and  shorter 
duration  in  C3H/HeJ.  C3H/ANF  mice  were  killed  uniformly  by  a 

TABLE  VIII 

Mftibifion  of  spieen  cell  /nifogenesis  by  pofyntixm  6  induced  by  P  aeruginosa 
and  £  cofi  LPS  and  so^ub^^l^ed  /ipid  A  m  COH/anF  and  C3H/HeJ  mice 

Mouse  Stfriio 


LCTHAUITV  0  0  20  0  100  0  0  0 

(%) 


3* 

SYMPTOM 

intensity 

iNoex 

2* 


MOUSE 

STRAIN 

LPS 

DOSAGE 


"T - J - 1 - 1 - 1 - 1 - 1  I 

»  4Q  U 

\  I  /  / 


0  ooo 

1 


0000  0000  0000 


1 


C»H/ANF 

CjH/ANriCsH/MiJ 

_ 

- 1 

10 

50 

€0 

600 

_ 

Figure  6  Endotoxin  poisoning  dose-response  curve,  as  measured  by  the 
symptom  intensity  index,  of  C3H/ANF  and  C3H/HeJ  mice,  alter  injection  of  the 
indicated  dose  of  £  coH  LPS  Numbers  above  the  bars  refer  to  the  duration,  in 
hours,  of  the  symptom  from  the  lime  a  t  +  or  greater  reaction  was  noted  to  the 
lime  the  symptom  subsided  The  crosses  atop  the  bars  lor  the  C3H/ANF  mice 
given  5.0  mg/kg  indicate  that  these  mice  all  died  by  30  hr.  The  percentage 
lethality  Is  shown  on  the  line  across  the  top  □.  diarrhea;  ■.  rigors;  S.  ruffled  fur; 
Q.  closed  crusted  over  eyes. 


TABLE  IX 

Results  ol  stmn-term  relractivity  to  a  lethei  dose  of  LPS  alter  a  sublethal 
priming  dose  30  hr  previously  with  the  indicated  LPS  in  C3H/ANF  mice 


Challenging  LPS  (Dosage  |<g) 

C  CO// LPS 
(SO  ^0) 

Priming  Material 

P  aerug*- 
nosa  PW- 
LPS  (SO  p9> 

Saline 

e  co//(125) 

s/5* 

0/5 

0/5 

S  typhimurium  (1 25) 

s/5 

0/5 

0/5 

P.  aeruginosa 

PW-LPS  (250) 

0/5 

0/5 

0/5 

*  Represents  number  ol  mice  over  total  Iniected  surviving  at  96  hr  alter  the 
challenge  dose 


Mitogen 

C3H  'fNf 

C3H  fiej 

-PB* 

•rPB 

k.  Re¬ 
duction 

-PB 

+  P0 

%  Re¬ 
duction 

PA-LPS' 

44  6 

5  9 

86  6 

10  7 

1  8 

83  1 

EC-LPS 

48  0 

2  9 

94  0 

1  2 

1  t 

8  3 

Ltpid  A-BSA'" 

32  9 

1  8 

94  6 

10  9 

0  9 

91  8 

'  PB.  polymixin  B  sulfate 

^  PA-LPS.  P  aeruginosa  LPS.  EC-LPS.  £  col<  LPS 
cpm  X  tO^  ol  incorporated  ’H  thymidine  minus  b.icKqround  (see  Table  VII 
for  background  to  C  only  treated  celts) 

''  Isolated  lipid  A  from  P.  aeruginosa  solubilized  with  triethylamme  and  com- 
plexed  to  BSA;  BSA  alone  was  not  mitogenic 


Figure  5  Endotoxin  poisoning  dose-response  curve,  as  measured  by  the 
symptom  intensity  mdex,  ol  C3M/ANF  and  C3M  HeJ  mice,  after  injection  ol  the 
indicated  dose  of  Pseudomonas  aeruginosa  LPS  Numbers  above  the  bars  refer 
to  the  duration,  in  hours,  of  the  symptom  from  the  time  a  f  r  or  greater  reaction 
was  noted  to  the  time  that  the  reaction  had  subsided  The  crosses  atop  the  bars 
for  the  C3H/ANF  mice  given  to  0  mg  'kg  was  due  to  the  fact  that  these  mice  all 
died  by  24  hr  The  percentage  lethality  is  shown  on  the  tme  across  the  top  [1. 
diarrhea;  I.  rigors;  6.  ruffled  fur.  Q.  closed,  crusted  over  eyes 


dose  of  P.  aeruginosa  LPS  of  10  mg/kg.  but  the  C3H/HeJ  mice 
survived  doses  of  P.  aeruginosa  LPS  as  high  as  600  mg/kg.  E. 
coli  LPS  was  both  toxic  and  lethal  for  C3H/ANF  mice,  with  100% 
mortality  seen  at  a  dosage  of  5.0  mg /kg  (Fig.  6).  E.  coli  LPS  was 
without  either  toxic  or  lethal  effects  in  C3H/HeJ  mice  at  doses  as 
high  as  600  mg/kg  (about  12  mg /mouse) 

Short-term  relractivity  to  LPS  lethality  Greisman  et  at  (30)  have 
shown  that  LPS-primed  rabbits  are  refractive  to  the  pyrogenic 
effect  of  a  2nd  dose  of  endotoxin  within  the  first  24  to  48  hr.  This 
refractivity  is  nonspecific  for  endotoxins  from  different  species.  We 
were  interested  in  seeing  if  a  similar  phenomenon,  as  measured  by 
refractivity  to  lethality,  was  operative  in  mice,  and  if  this  refractivity 
was  specific  for  enterobacterial  LPS.  We  therefore  primed  C3H/ 
ANF  mice  with  sublethal  doses  (1.0  mg  .'kg)  of  P  aeruginosa  and 
£  coli  LPS'  and  challenged  them  30  hr  later  with  one  1 00%  lethal 
dose  of  either  the  homologous  priming  endotoxin,  the  heterologous 
E  coll,  or  P.  aeruginosa  endotoxin,  or  a  heterologous  S.  typhimu- 
rium  endotoxin.  Table  IX  shows  that  whereas  mice  primed  with  E 
coll  LPS  were  retractive  to  the  lethal  effects  of  both  the  homologous 
E  coll  LPS  and  the  heterologous  S  typhimurium  LPS.  they  were 
not  protected  against  challenge  with  the  P  aeruginosa  LPS.  Mice 
primed  with  the  P  aeruginosa  LPS  were  not  refractive  to  the  lethal 
effects  of  any  of  the  challenging  endotoxins  This  showed  that  no 
antibody  to  the  P  aeruginosa  LPS  had  developed,  since  this 
antibody  is  protective  against  endotoxemia  caused  by  P  aerugi¬ 
nosa  LPS  (unpublished  observation) 

DISCUSSION 

These  data  clearly  indicate  that  the  refractivity  of  C3H/HeJ  mice 
to  the  biologic  effects  of  enterobacterial  endotoxin  is  not  seen  with 
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the  LPS  from  P.  aeruginosa,  which  proved  to  be  immunogenic, 
mitogenic,  and  toxic  in  this  “unresponsive"  substrain  of  C3H 
mouse.  These  results  suggest  that  the  inpbility  of  this  mouse 
substrain  to  respond  to  LPS  may  be  limited  to  the  endotoxin  from 
members  of  the  family  enterobacteriaceae.  The  results  of  Spellman 
and  Reed  (8)  and  Moreno  and  Berman  (9)  regarding  the  biologic 
effects  of  B.  abortus  LPS  in  C3H/HeJ  mice  also  support  this 
conclusion,  and  recently  Moreno  ef  at.  (22)  have  shown  that  this 
mitogenesis  is  due  to  the  lipid  A  portion  of  the  B.  abortus  LPS. 

Structural  analysis  of  the  lipid  linkages  to  the  lipid  A  component 
of  P.  aerugirtosa  LPS  showed  that  P.  aeruginosa  s  LPS  had  quali¬ 
tatively  different  fatty  acids  from  the  E.  coli  LPS,  but  similarities 
were  noted  in  terms  of  the  ratio  of  hydroxy  fatty  acids  to  straight 
chain  tatty  acids,  and  the  linkages  of  these  2  different  types  of  fatty 
acids  to  the  glucosamine  backbone.  Figure  1  diagrams  these 
results,  and  points  out  those  linkage  positions  where  the  fatty  acid 
substituents  are  similar  and  different.  Information  available  on  the 
structure  of  the  LPS  of  8.  abortus  indicates  that  its  fatty  acid 
substituents  differ  considerably  more  from  the  enterobacterial  LPS 
than  do  the  fatty  acid  substituents  of  P.  aeruginosa  LPS  (tO.  it), 
although  there  is  some  heterogeneity  in  the  fatty  acid  substituents 
found  in  enterobar'erial  LPS  (1 1).  Even  though  the  P.  aeruginosa 
LPS  and  the  E.  c  jli  LPS  are  structurally  similar  in  their  lipid  A 
portion,  they  diffei  substantially  in  their  biologic  effects  in  C3H/ 
HeJ  mice.  These  biologic  activities  of  LPS  must  therefore  depend 
critically  on  those  structural  features  that  distinguish  the  entero¬ 
bacterial  LPS  from  that  of  P.  aeruginosa. 

The  chemical  components  present  in  the  2  P.  aeruginosa  LPS 
preparations  used  indicate  a  very  low  level  of  protein  contamina¬ 
tion.  Lipid  A  protein  (LAP)  present  in  butartol-extracted  enterobac¬ 
terial  LPS  (31 ),  and  outer  membrane  proteins  from  P  aeruginosa 
strain  PAO  (32),  have  both  been  shown  to  cause  mitogenesis  in 
C3H/HeJ  lymphocytes.  II  is,  however,  highly  unlikely  that  the 
mitogenic  responses  we  observed  in  spleen  cell  cultures  stimulated 
with  P.  aeruginosa  LPS  were  due  to  contamination  of  our  LPS 
preparations  with  such  proteins.  The  minimum  dose  of  P.  aerugi¬ 
nosa  outer  membrane  proteins  required  to  produce  mitogenesis 
far  exceeds  the  total  protein  contamination  present  in  our  mitogenic 
doses  of  P.  aeruginosa  LPS  (32).  furthermore,  the  P.  aeruginosa 
LPS  preparations  used  were  phenol  extracted  numerous  times,  a 
procedure  known  to  eliminate  LAP  and  mitogens  from  butanol- 
exiracted  enterobacterial  LPS  (33).  Thirdly,  the  P.  aeruginosa  LPS- 
induced  splenocyte  mitogenesis  in  both  C3H/ANF  and  C3H/HeJ 
mice  was  highly  inhibited  by  the  antibiotic  polymixin  B,  which  binds 
specifically  to  the  lipid  A  portion  of  LPS  molecules  and  interferes 
with  LPS-induced  biologic  phenomena  (34).  Additionally,  even 
though  Skidmore  ef  at.  (33)  reported  that  Westphal  phenol-water 
extracted  E.  coli  (111:B4  LPS  was  mitogenic  in  C3H/HeJ  mice, 
this  activity  was  only  1 3.1  %  of  the  activity  seen  in  responder  C3H/ 
St  mice,  whereas  our  P.  aeruginosa  LPS  had  activity  in  C3H,'HeJ 
mouse  cells  equal  to  37.6%  of  the  response  seen  in  C3H/ANF 
mouse  cells  These  workers  also  reported  that  C3H/HeJ  mice  had 
a  lower  mitogenic  activity  to  all  LPS'  that  were  capable  of  inducing 
proliferation  in  this  strain  when  compared  to  the  activity  of  the 
corresponding  LPS  preparation  in  C3H/St  mice.  Finally,  the  pres¬ 
ence  of  21 .7%  protein  in  our  commercial  E.  coli  LPS  preparation 
did  not  make  this  preparation  mitogenically  active  in  the  C3H/HeJ 
mice,  indicating  that  protein  contamination  of  LPS  is  in  itself  not  a 
measure  of  the  ability  of  enterobacterial  endotoxin  s  to  bo  biolog¬ 
ically  active  in  nonresponding  mouse  strains. 

The  equivalent  immunogenicity  of  P.  aeruginosa  LPS  m  C3H 
HeJ  mice  and  C3H/ANF  mice  contrasts  with  the  different  immum- 
responses  to  enterobacterial  LPS  observed  by  others  between 
C3H/HeJ  mice  and  other  C3H  mouse  substrains  (2,  6)  This  infers 
that  structural  differences  between  the  lipid  A  portion  of  the  P 
aeruginosa  and  E  coli  LPS  are  sufficient  to  make  the  P  aeruginosa 
LPS  a  good  immunogen  in  C3H/HeJ  mice.  Our  data  (Fig  3)  are 
consistent  with  the  report  of  Watson  and  Riblef  (2)  showing  a 
significant  difference  between  the  PFC  responses  of  responder 
and  nonresponder  mice  to  a  wide  range  of  doses  of  E  coh  LPS 
On  the  other  hand.  Skidmore  ef  al  (6)  showed  that  C3H/HeJ  mice 
made  an  equivalent  day-5  primary  PFC  response  to  high  doses  (25 
fig)  of  E.  coll  0113  and  K23S  LPS  when  compared  to  the  response 
of  C3H/St  mice.  However,  the  C3H/St  mice  showed  a  prolonged 


PFC  response  whereas  the  C3H/HeJ  response  fell  off  rapidly.  In 
our  hands,  the  PFC  response  to  P.  aerugirwsa  LPS  fell  off  rapidly 
after  day  5  in  both  strains,  and  this  decline  held  over  a  wide  range 
of  doses  (data  not  shown).  The  explanation  for  this  is  not  clear  but 
suggests  that  the  prolonged  synthesis  of  antibody  is  not  due  to 
mitogenicity  per  se. 

in  another  study  we  found  that  acid  hydrolyzed  PS  side  chains 
from  P.  aeruginosa  LPS,  high  m.w.  PS  (19),  and  alkali  detoxified 
LPS  are  not  immunogenic  at  doses  of  less  than  1  fig  (manuscript 
in  preparation),  whereas  intact  LPS  is.  None  of  these  materials 
contains  active  lipid  A.  Thus,  although  Von  Eschen  and  Rudbach 
(35)  suggest  that  the  lipid  A  portion  of  enterobacterial  LPS  is  not 
essential  for  murine  primary  immune  responses  to  LPS,  our  data 
indicate  the  lipid  A  is  essential  for  primary  immune  responses  to  P. 
aeruginosa  LPS  in  the  nanogram  dosage  range  reported  here.  The 
highly  immunogenic  nature  of  the  very  low  doses  of  P.  aeruginosa 
LPS  in  another  mouse  strain,  BALB/c,  shows  that  this  low  dose 
immunogenicity  extends  across  H-2  types. 

Spleen  cell  proliferation  induced  in  vitro  by  P.  aeruginosa  LPS 
IS  reduced  in  C3H/HeJ  mice  when  compared  to  the  magnitude  of 
the  proliferative  response  of  C3H/ANF  spleen  cells.  When  con¬ 
trasted  to  the  complete  unresponsiveness  of  C3H/HeJ  spleen  cells 
to  the  E.  coll  LPS,  however,  it  is  clear  that  the  P.  aeruginosa  LPS 
is  mitogenic  for  this  mouse  strain's  spleen  cells.  This  observation 
suggests  that  the  structural  similarities  between  the  2  LPS  antigens 
could  account  for  the  relatively  reduqed  mitogenic  response  to  P. 
aeruginosa  LPS  in  C3H/HeJ  mice,  whereas  the  structural  differ¬ 
ences  account  for  the  degree  of  responsiveness  that  does  exist. 
The  dose-response  curve  to  P.  aeruginosa  LPS  was  similar  in 
C3H/HeJ  and  C3H/ANF  mice,  with  as  little  as  0.5  ftg/ml  of  P. 
aeruginosa  LPS  giving  an  obvious  mitogenic  response  with  a 
maximum  response  in  the  5  to  25  fig/ml  range.  Furthermore, 
isolated  and  solubilized  lipid  A  from  the  P.  aeruginosa  LPS  was 
also  mitogenic  for  C3H/HeJ  splenocytes,  confirming  that  it  was 
the  lipid  A  portion  of  the  LPS  that  was  responsible  for  the  prolif¬ 
erative  responses  seen.  Chen  el  al.  (32)  reported  that  the  LPS 
from  P  aeruginosa  strain  PAO  is  not  mitogenic  for  C3H/HeJ 
spleen  cells.  Because  their  report  did  not  include  information  on 
the  chemical  composition  of  their  LPS.  and  because  they  did  not 
show  their  LPS  preparation  to  be  mitogenic  in  a  responding  C3H 
substrain  of  mice,  it  is  difficult  to  determine  why  their  observations 
differs  with  ours. 

Morrison  and  Curry  (36)  extracted  LPS  from  P.  aeruginosa  with 
saline,  ethylenediaminetetraacetic  acid  (EDTA)  and  phenol  and 
reported  that  whereas  the  phenol  extract  was  mitogenic  for  re¬ 
sponder  C3H/St  mice,  and  this  response  was  inhibitable  by  poly¬ 
mixin  B.  their  phenol  LPS  preparation  was  not  mitogenic  for  C3H/ 
HeJ  splenocytes  However,  their  EDTA  extracted  P  aeruginosa 
LPS  was  mitogenic  for  the  responder  C3H/SI  cells,  and  also 
appeared  to  have  mitogenic  activity  toward  the  C3H/HeJ  spleno- 
cyles  comparable  to  what  we  obtained  here.  They  found  in  C3H/ 
HeJ  splenocytes  a  37  8%  inhibition  of  their  EDTA-LPS  mitogenesis 
by  polymixin  B.  less  than  half  the  inhibition  we  found,  but  nonethe 
less  supports  the  view  that  P.  aeruginosa  LPS  is  capable  of 
inducing  mitogenesis  in  C3H/HeJ  spleen  cells  due  to  its  lipid  A. 
Furthermore,  it  should  be  pointed  out  that  their  phenol-extracted 
LPS  came  from  the  pellet  of  their  EDTA-extracted  organisms  It  is 
well  documented  (37)  that  some  strains  of  P.  aeruginosa  are  killed 
by  EDTA.  and  this  killing  is  due  to  the  release  of  the  LPS  from  the 
cell  wall  Similar  extractions  of  other  Gram-negative  bacteria  are 
not  bactericidal  (37).  indicating  that  the  products  remaining  in  the 
cell  wall  of  EDTA-sensitive  strains  of  P.  aeruginosa  after  EDTA 
extraction  may  be  highly  altered  or  disrupted  (37).  If  Morrison  and 
Curry  (36)  had  used  an  EDTA-seo'sitive  strain  of  P.  aeruginosa  to 
isolate  their  LPS  from,  then  their  phenol-extracted  LPS  may  have 
been  altered  Their  results  with  EDTA-extracted  LPS  only  conflict 
with  ours  in  the  degree  to  which  polymixin  8  inhibited  the  P. 
aeruginosa  LPS-induced  mitogenesis  in  C3H/HeJ  splenocytes. 

A  further  possible  explanation  for  the  lack  of  mitogenesis  shown 
by  their  phenol  extracted  P.  aeruginosa  LPS  in  C3H/HeJ  cells  may 
be  attributable  to  the  low  level  of  LPS.  and  consequent  high  level 
of  impurities,  in  this  preparation  These  impurities  could  interfere 
with  LPS-induced  mitogenesis.  Their  reported  value  of  10  7  nmols 
KDO/mg  of  LPS  is  only  5.5%  of  the  average  value  of  194  nmols 
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KDO/m^  LPS  we  found  for  the  preparations  of  P.  aeruginosa  UPS 
used  here.  This  figure  is  very  consistent  among  the  LPS  from  all  of 
the  Fisher  types  of  P.  aeruginosa  that  we  work  with  (unpublished 
observation).  Since  their  report  indicated  that  saline-extracted  P. 
aeruginosa  LPS  had  only  moderate  mitogenic  activity  that  was  not 
polymixin  B  inhibitable  in  responder  C3H/St  cells,  yet  contained 
detectable  quantities  of  LPS.  as  measured  by  the  presence  of 
KDO.  it  is  reasonable  to  speculate  that  impure  P.  aeruginosa  LPS 
preparations  contain  substances  inhibitory  to  P.  aeruginosa-LPS 
induced  mitogenesis.  They  indicated  further  in  their  report  that 
they  performed  their  mitogenesis  assays  at  numerous  doses  such 
that  if  the  problem  were  solely  low  levels  of  LPS  in  their  prepara¬ 
tions.  and  not  inhibitory  substances,  then  their  saline-extracted 
LPS  should  have  been  as  mitogenic,  albeit  at  higher  doses,  as  their 
phenol-extracted  LPS  in  responder  mice.  These  inhibitory  sub¬ 
stances  may  not  have  been  present  in  high  enough  concentration 
to  inhibit  the  phenol-LPS  mitogenesis  in  responder  mice,  but  may 
have  been  present  at  high  enough  doses  to  interfere  with  the 
lessened  mitogenic  response  of  C3H/HeJ  splenocytes. 

The  results  of  the  spleen  cell  mitogenesis  assay  are  not  the  only 
data  we  presented  regarding  positive  biologic  responses  of  C3H/ 
HeJ  mice  to  P.  aeruginosa  LPS.  In  addition  to  defining  the  chemial 
composition  of  our  P.  aeruginosa  LPS  preparation  to  ensure  that 
its  composition  was  similar  to  that  previously  described  for  P. 
aeruginosa  LPS  (17,  20).  we  also  demonstrated  that  it  produced 
in  C3H/HeJ  mice  an  immune  response  characteristic  of  other 
mouse  strain  responses  to  P.  aeruginosa  LPS.  as  well  as  producing 
symptoms  of  intoxication  in  C3H/HeJ  mice  indicative  of  endotoxin 
poisoning. 

In  a  pattern  similar  to  their  partial  sensitivity  to  the  mitogenic 
effects  of  P.  aeruginosa  LPS,  the  response  of  C3H/HeJ  mice  to 
the  toxic  effects  of  this  LPS  was  also  muted,  although  clearly 
present.  This  may  relate  to  both  the  similarity  in  structure  of  the  2 
endotoxins  as  well  as  to  their  relative  abilities  to  induce  the  cascade 
of  biologic  phenomena  associated  with  toxicity  and  lethality.  Nei¬ 
ther  P.  aeruginosa  or  £  coli  LPS  were  lethal  in  C3H/HeJ  mice  at 
doses  as  high  as  600  mg  /kg.  However,  endotoxin-poisoning  symp¬ 
toms  did  appear  in  C3H/HeJ  mice  after  administration  of  P  aerugi¬ 
nosa  LPS  but  not  £.  coli  LPS.  Thus,  crusted  over  eyes,  diarrhea, 
rigors,  and  ruffled  fur  were  seen  in  C3H/HeJ  mice  given  P 
aeruginosa  LPS  at  doses  as  low  as  10  mg/kg,  but  the  duration  of 
these  symptoms  were  shorter  and  their  severity  less  than  in  the 
C3H/ANF  mice  We  were  unable  to  detect  any  toxic  or  lethal 
effects  of  our  £  coli  LPS  preparation  in  C3H/HeJ  mice,  although 
preparations  of  enterobacterial  LPS  have  been  shown  to  be  toxic 
at  high  doses  to  these  mice  (1) 

A  final  test  of  the  degree  to  which  the  P  aeruginosa  and 
enterobacterial  LPS  differ,  and  how  these  differences  relate  to  the 
biologic  effects  of  their  endotoxins,  was  seen  in  the  experiments 
testing  the  cross-retractivity  to  lethal  challenge  with  LPS  after  a 
sublethal  priming  dose  Nonspecific  refractivity  to  endotoxin  death 
after  a  single  sublethal  priming  dose  of  LPS  in  C3H/ANF  mice  was 
demonstrated  with  the  £  coh  LPS  when  the  secondary  challenging 
LPS  was  either  the  homologous  £  coh  LPS  or  a  heterologous 
enterobacterial  LPS  from  S  typhimurium  However,  no  refractivity 
to  challenge  with  a  lethal  dose  of  P  aeruginosa  LPS  was  seen  with 
£.  coh  LPS  priming,  nor  could  P  aeruginosa  LPS  priming  prevent 
death  from  a  subsequent  lethal  dose  of  either  P.  aeruginosa  or  £ 
coh  LPS.  Skarnes  (38)  has  shown  that  the  circulating  plasma  of 
rabbits  after  sublethal  endotoxin  administration  has  a  decreased 
level  of  ionized  calcium  and  an  increased  level  of  organo-phos- 
phate  esterases,  both  of  which  are  associated  with  an  increased 
detoxification  capacity  of  the  plasma.  We  have  demonstrated  here 
in  C3H/ANF  mice  an  early  refractivity  to  enterobacterial  LPS 
lethality  after  a  single  sublethal  priming  dose,  and  shown  that  the 
refractivity  extends  to  LPS  from  different  enterobacterial  species, 
but  not  to  other  Gram-negative  endotoxins,  such  as  that  from  P 
aeruginosa  These  data  show  that  the  structural  similarities  of  P 
aeruginosa  and  £.  coh  LPS  do  not  stimulate  cross-refractivity  in 
this  test  system. 

Our  observation  indicate  that  the  refractivity  of  C3H/HeJ  mice 
to  bacterial  endotoxins  may  be  a  phenomenon  limited  to  LPS  from 
enterobacteriaceae.  We  recognize  that  C3H/HeJ  mice  are  in  tact 
low  responders  to  the  biologic  effects  of  enterobacterial  endotoxins 


inasmuch  as  other  investigators  have  found  enterobacterial  LPS  to 
be  toxic  (1 )  and  immunogenic  (6)  at  high  doses  in  these  mice.  The 
responses  we  found  for  the  P.  aeruginosa  LPS  are  not  entirely  out 
of  the  range  of  responses  reported  by  some  tor  enterobacterial 
LPS  responses  in  C3H/HeJ  mice.  However,  in  our  hands  the 
commercially  purchased  £.  coli  LPS  produced  numerous  biologic 
responses  in  responder  C3H/ANF  mice  and  no  responses  in  C3H/ 
HeJ  mice  indicating  that  comparisons  between  different  investi¬ 
gators  utilizing  slightly  different  systems  need  to  be  interpreted 
with  caution.  Nonetheless,  partial  refractivity  may  occur  with  LPS 
from  other  Gram-negative  bacteria  that  are  structurally  similar  but 
not  identical  to  enterobacterial  LPS.  whereas  no  refractivity  may 
be  seen  to  a  very  different  LPS.  such  as  that  from  6.  abortus  (8. 
9).  We  conclude  that  the  refractivity  to  many  of  the  endotoxin- 
induced  biologic  activities  in  C3H/HeJ  mice  is  not  a  phenomenon 
generally  applicable  to  LPS  from  all  Gram-negative  bacteria  and 
that  responses  to  structurally  similar  LPS  may  be  seen  in  various 
assays  of  endotoxin  responsiveness  of  C3H/HeJ  mice. 
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Previously,  we  isolated  a  high-moiecular-weight  immunogenic  polysaccharide 
(designated  PS)  from  Pseudomonas  aeruginosa  immunotype  1  (IT-1).  The 
method  which  we  used  was  modified  to  permit  the  isolation  of  a  similar  PS  from 
P.  aeruginosa  (T-2.  This  antigen  was  composed  primarily  of  carbohydrate,  had 
a  complex  monosaccharide  composition,  including  sugars  not  found  in  the  lipo- 
polysaccharide,  and  was  nonpyrogenic  in  rabbits  and  nontoxic  in  mice  at  high 
doses.  This  material  protected  mice  from  challenges  with  live  homologous  cells. 

P.  aeruginosa  IT-2  PS  gave  a  line  of  identity  with  the  O  side  chain  of  the 
lipopolysaccharide,  but  differed  from  this  polysaccharide  in  molecular  weight, 
chemical  composition,  and  ability  to  immunize  mice  actively.  Lipopolysaccharide 
from  P.  aeruginosa  IT-2  contained  an  inununological  determinant  not  found  on 
P.  aeruginosa  IT-2  PS,  which  was  detected  due  to  its  stability  during  treatment 
with  dilute  alkali.  Thus,  we  recovered  a  high-molecular-weight  PS  antigen  from 
P.  aeruginosa  IT-2,  which  was  serologically  identical  to  the  lipopolysaccharide  O 
side  chain  but  was  chemically  and  physically  distinct.  Also,  like  P.  aeruginosa 
IT-1  strains,  P.  aeruginosa  IT-2  contains  an  alkali-stable  immunodeterminant  on 
the  lipopolysaccharide  that  may  represent  a  core-Uke  antigen. 


The  high-molecular-weight  polysaccharide 
designated  PS  which  can  be  obtained  from  the 
outer  cell  surface  or  cultural  supernatants  of 
Pseudomonas  aeruginosa  immunotype  1  (IT-l) 
(7)  actively  protects  mice  from  challenges  with 
live  homologous  organisms  (6).  This  antigen  is 
composed  principally  of  carbohydrate,  has  a  mo¬ 
lecular  weight  of  approximately  1.5  x  10\  is 
nonpyrogenic  in  rabbits  at  a  dose  of  25  ^g/kg  of 
body  weight,  and  is  nontoxic  in  mice  at  a  dose  of 
400  mg/kg  of  body  weight.  The  high  molecular 
weight  of  PS,  which  is  neces-sary  for  immuno- 
genicity,  and  the  low  toxicity  of  this  compound 
in  animals  suggest  that  it  may  be  a  candidate  for 
a  human  vaccine. 

PS  appears  to  be  a  high-molecular-weight 
form  of  the  polysaccharide  side  chain  from  P. 
aeruginosa  lT-1  lipopolysaccharide  (LPS)  since 
PS  and  a  polysaccharide  which  was  obtained 
from  LPS  that  had  been  hydrolyzed  with  acetic 
acid  (O  side  chain)  appeared  to  be  immunologi- 
cally  identical  (7).  About  20%  of  the  weight  of  P. 
aeruginosa  lT-1  LPS  can  be  accounted  for  by 
an  O  side  chain  fraction  that  elutes  in  the  void 
volumes  of  Sephadex  G-lOO  columns,  and  an¬ 
other  50%  can  be  accounted  for  by  an  immuno- 
logically  identical  but  smaller  polysaccharide 


fraction.  The  LPS  and  PS  from  P.  aeruginosa 
IT-1  differ  chemically,  since  PS  contains  galac¬ 
tose  and  arabinose  and  LPS  does  not  (7). 

A  systematic  study  of  the  PS  antigens  in  dif¬ 
ferent  strains  of  P.  aeruginosa  led  to  the  isola¬ 
tion  and  characterization  of  PS  from  P.  aerugi¬ 
nosa  IT-2.  As  described  here,  P.  aeruginosa  IT- 
2  PS  is  also  immunogenic  and  nontoxic  in  mice, 
is  nonpyrogenic  in  rabbits,  and  exhibits  serolog¬ 
ical  cross-reactions  with  P.  aeruginosa  lT-2 
LPS. 

MATERIAUS  AND  METHODS 

Bacterial  strains.  F.  aeruginosa  IT-2  (strain 
05142)  and  IT-6  (.strain  01,544)  were  obtained  from  M. 
Fisher.  Parke.  Davis  &  Co..  Detroit,  Mich. 

Preparation  of  1*8.  F.  aeruginosa  IT-2  PS  was 
prepared  from  lO-hter  culture.':  of  F.  aeruginosa  grown 
in  Trypticase  soy  broth  (Difeo  Laboratories,  Detroit, 
Mkh.)  containing  3'^  glycerol.  Each  culture  was  grown 
in  a  Microferm  fernicntor  (New  Brunswick  Scientific 
Co.,  New  Brunswick.  N..I.)  for  72  h  with  stirring  (200 
ipm)  and  aeration  (5  liters  of  air  per  h).  Otavalon 
(hexadecyltrimethylammonium  bromide;  final  con¬ 
centration.  ■O.S'i;  Fisher  Scientific  Co.,  Medford, 
Mass.)  was  added  to  the  culture  before  centrifugation 
to  remove  the  organisms.  The  supernatant  was  con¬ 
centrated  with  a  stacked  ultrafiltration  cell  (Amicon 
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Coip.,  Leiington.  Mass.)  to  a  final  volume  of  800  ml 
by  using  PM-30  membranes.  After  precipitation  of  this 
concentrated  supernatant  with  alcohol  (80%,  vol/vol), 
the  crude  material  was  collected  by  centrifugation  and 
dissolved  in  phosphate-buffered  saline,  as  described 
previously  (7).  This  solution  was  then  heated  to  60  to 
80°C,  and  Cetavalon  (final  concentration,  1.0%)  was 
added.  The  precipitate  was  removed  by  centrifugation, 
and  the  supernatant  was  precipitated  with  alcohol 
(80%,  vol/vol).  The  alcohol  precipitate  was  collected 
by  centrifugation  and  dissolved  in  phosphate-buffered 
saline;  then  it  was  subjected  to  a  second  series  of 
heating.  Cetavalon  addition,  centrifugation,  alcohol 
precipitation  of  the  supernatant,  and  centrifugation  to 
collect  the  PS-containing  material. 

The  addition  of  Cetavalon  to  hot  preparations  of 
crude  concentrated  culture  supernatants  allowed  the 
elimination  of  the  subsequent  nuclease  digestion  steps 
described  previously  (7).  Thus,  after  the  two  Cetavalon 
steps,  the  PS  was  purified  by  treating  it  with  1%  acetic 
acid  at  SO^C  for  18  h  and  extracting  it  with  chloroform; 
this  was  followed  by  phenol  extraction,  and  the  com¬ 
pound  was  finally  purified  by  Sephadex  G-lOO  column 
chromatography,  as  described  previously  (7). 

Preparation  of  LPS.  LPS  was  isolated  by  the 
phenol-water  extraction  procedure  of  Westphal  et  al. 
(9).  Low  yields  of  LPS  from  the  aqueous  layer  led  us 
to  investigate  the  phenol  layer  as  a  source  of  LPS. 
After  the  separation  of  the  phenol  and  water  layers, 
the  phenol  layer  was  dialyzed  against  running  deion¬ 
ized  water  for  2  days,  residual  cells  and  denatured 
proteins  were  removed  by  centrifugation  at  10,000  rpm 
for  80  min,  and  the  LPS  was  recovered  by  uUracen- 
trifugation  at  33,000  rpm  for  3  h.  Further  processing  of 
the  LPS  recovered  from  the  phenol  phase  was  per¬ 
formed  as  described  previously  (T).  We  also  attempted 
to  extract  the  P.  aeruginosa  iT-2  LPS  by  the  phenol- 
chloroform-petroleum  ether  method  of  Galanos  et  al. 
(3). 

Preparation  of  O-specific  polysaccharide.  Iso¬ 
lated  LPS  was  suspended  in  1%  acetic  acid  at  a  con¬ 
centration  of  10  mg/ml  and  then  heated  at  SO'C  for  6 
h.  The  resulting  lipid  A  precipitate  was  removed  by 
centrifugation,  and  the  su|>ernatant  was  applied  to  a 
Sepharo.se  CL-6B  column  (1.6  h\  60  cm)  hv  using 
phosphate-buffered  saline  a.s  the  eluant.  The  column 
eluate  was  monitored  at  206  nni.  and  the  serological 
activities  of  the  optically  active  fractions  were  deter 
mined  by  the  capillary  preciiutm  reaction 

Alkali  treatment  of  antigens  and  preparation 
of  antisera.  P.  aeruginosa  IT-  J  PS  and  LP.S  were 
treated  with  0.1  N  NaOM  at  a  conceiilration  of  2  nig  ' 
ml  at  S6°C  for  12  h.  These  solutions  were  neutralized 
with  acid  and  buffer  when  they  were  usr-d  in  ininiii 
nological  studies.  Anti.sera  to  P  aeruginosa  IT-2  cells. 
LPS,  and  PS  were  prepared  as  descrilied  previouslv 

(7). 

Antisera  to  lT-2  alkali-treated  I.P.s  (A  LPS)  were 
raised  in  New  Zealand  white  rabbits  that  weighed  3  to 
4  kg  by  an  initial  intramuscular  injection  of  0.5  mg  of 
A-LPS  in  complete  Freund  adjuvant,  followed  I  week 
later  by  a  series  of  four  intravenous  injeetiuiis  of  0.5 
mg  of  A-LPS  in  .saline  everv  4  days  Blood  was  col 
lected  by  cardiac  puncture  6  days  after  the  la.sl  injec¬ 
tion. 


Infect.  Immun. 

Serological  methods.  Ouchterlony  double  diffu¬ 
sion  and  immunoelectrophoresis  were  performed  as 
previously  described  (7).  Hemagglutination  of  sheep 
erythrocytes  (SRBC)  coated  with  either  LPS  or  A- 
LPS  was  performed  in  microtiter  plates  by  using  25- 
jil  volumes  of  serum  dilutions  and  cells.  SRBC  were 
coated  by  suspending  0.12  ml  of  packed  SRBC  in  1.0 
ml  of  saline  Containing  0.5  mg  of  antigen,  followed  by 
dropwise  addition  of  1.0  ml  of  a  0.01%  chromium 
chloride  solution.  Titers  were  read  as  the  reciprocals 
of  the  highest  serum  dilutions  that  caused  agglutina¬ 
tion  of  the  SRBC.  Each  hemagglutination  inhibition 
test  was  performed  by  incubating  25  jil  of  a  serum 
dilution  four  times  more  concentrated  than  the  titer 
with  25  jil  of  a  solution  containing  the  inhibitor  to  be 
tested;  then  the  preparation  was  incubated  at  37°C  for 
30  min,  25  jtl  of  coated  cells  was  added,  and  the 
preparation  was  incubated  further  at  37°C. 

Chemical  analysis.  The  chemical  constituents  and 
the  monosaccharide  and  lipid  compositions  of  the  PS, 
LPS,  and  O  side  chain  polysaccharide  antigens  were 
determined  as  described  previously  (7). 

Molecular  weight  determinations.  The  molecu¬ 
lar  weights  of  the  PS  and  O  side  chain  polysaccharides 
were  determined  with  a  Waters  Associates  high-per¬ 
formance  liquid  chromatography  system  by  using  two 
protein  1-250  sizing  columns  in  series  and  0. 1  M  phos¬ 
phate  buffer  as  the  eluant.  Dextran  polymers  of  known 
molecular  weights  (Pharmacia  Co.,  Uppsala,  Sweden) 
were  used  as  standards.  The  molecular  weights  of 
unknowns  were  determined  by  calculating  linear 
regression  plots  of  the  elution  volumes  versus  logi.i 
molecyilar  weights  of  the  standards.  The  coefficienl 
correlation  for  this  formula  was  0.95  over  the  molec¬ 
ular  weight  range  from  10,000  to  250,(X)0. 

Animal  studies.  ICR  mice  obtained  from  the  Wal¬ 
ter  Reed  Army  Institute  of  Research  animal  colony 
and  CD-I  mice  obtained  from  Charles  River  Labora¬ 
tories,  Wilmington,  Mass.,  were  used  for  active  im¬ 
munization  and  passive  transfer  experiments,  a.v  pre¬ 
viously  described  (6).  The  pyTogenicity  in  rabbits  and 
toxicity  in  mice  of  P  aeruginosa  IT-2  P.S  were  al.so 
determined  as  described  previously  (7) 

Adsorption  of  antisera  for  passive  transfer. 
Rabbit  antisera  to  P.  aeruginosa  I'l -2  PS,  LI’.'-,  and 
A-LPS  were  adsorbed  with  these  antigens  by  incuhal 
ing  1  ml  of  antiserum  with  I  mg  of  the  ah.surbing 
antigen  at  37°C  for  2  h;  this  wa.'  followed  by  a  48- h 
incubation  at  4°C  and  the  hemagglutination  removal 
of  any  precipitate  by  centrifugation  The  .sera  were 
then  tested  with  the  hemagglutination  a.s.s;iy  and  read- 
sorbed  as  described  above  if  any  hemagglutination 
activity  was  still  present. 

RESUl.TS 

Isolation  of  P.  aeruginosa  IT-2  PS,  LPS, 
and  O-side  chain  polysaccharide.  The  u.se  of 
the  procedures  de.scribed  above  for  i.solating  i’S 
antigen  from  supernatants  of  P.  aeruginosa  IT- 
2  cultures  consistently  yielded  a  product  which 
had  a  high  carbohydrate  content,  eluted  in  the 
void  volume  of  a  ^phadex  G-KX)  column,  and 
gave  a  single  precipitin  line  in  Ouchterlony  dou- 
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bie-diffusion  gels.  Attempts  to  isolate  PS  antigen 
from  agar  cultures  of  P.  aeruginosa  IT-2  were 
generally  unsuccessful,  indicating  that  produc¬ 
tion  of  the  high-molecular-weight  PS  was  facili¬ 
tated  by  growth  in  liquid  media.  The  yield.s  of 
P.  aeruginosa  IT-2  PS  were  lower  than  the 
yields  of  P.  aeruginosa  IT-1  PS;  the  average 
yield  was  5  mg  of  PS  per  liter  of  medium.  To 
eliminate  detectable  LPS  from  PS  preparation.-^, 
it  was  necessary  to  hydrolyze  the  LP.S  into  its 
lipid  and  polysaccharide  components  with  acetic 
acid.  As  found  previously  with  P.  aeruginosa 
IT-1  PS  (7),  P.  aeruginosa  IT-2  LPS  could  not 
be  eliminated  from  the  PS  preparation  by  ultra¬ 
centrifugation,  column  chromatography  in  the 
presence  or  absence  of  disaggregating  buffers,  or 
ion-eschange  chromatography.  P.  aeruginosa 
IT-2  PS  was  serologically  active  after  this  treat¬ 
ment  and  remained  stable  to  acetic  acid  hydrol¬ 
ysis  at  95°C  for  up  to  72  h. 

Attempts  to  isolate  LPS  from  P.  aeruginosa 
IT-2  by  phenol-water  eztraction  (9)  of  cells  gen¬ 
erally  gave  poor  yields  of  antigen  in  the  aqueous 
phase.  The  LPS  of  this  strain  was  best  recovered 
from  the  phenol  phase.  The  presence  of  P. 
aeruginosa  IT-2  LPS  in  the  phenol  phase  is 
unique  to  the  LPS  of  this  P.  aeruginosa  immu- 
notype  (unpublished  data).  The  use  of  the 
phenol-chloroform-petroleum  ether  method  of 
Galanos  et  al.  (3)  for  extracting  LPS  from  P. 
aeruginosa  IT-2  was  unsuccessful. 

0-side  chain  polysaccharide  was  obtained 
from  acetic  acid-hydrolyzed  LPS  as  a  single  se¬ 
rologically  active  peak  which  eluted  from  a 
Sepharose  CL-6B  column  (1.6  by  60  cm)  with  a 
A,,  of  0.52.  Two  other  peaks  were  aLso  detected 
in  column  eluates  of  acetic  acid-hydrolyzed  LPS. 
One  of  these  was  a  very  small  peak  which  eluted 
in  the  void  volume  and  was  presumably  nonhy- 
drolyzed  LPS;  this  peak  was  not  characterized 
further.  The  second  peak  was  a  peak  of  carbo¬ 
hydrate-containing  material  that  eluted  in  the 
bed  volume  and  was  neither  serologically  active 
nor  precipitable  with  alcohol  but  was  dialyzable; 
this  peak  had  a  molecular  weight  of  less  than 
10,000,  as  determined  by  high-performance  liq¬ 
uid  chromatography. 

Characterization  of  P.  aeruginosa  IT-2  PS 
and  LPS.  Table  1  shows  the  chemical  compo¬ 
sitions  of  the  PS  and  LPS  isolated  from  P. 
aeruginosa  IT-2.  The  PS  was  composed  almost 
exclusively  of  carbohydrate  but  did  contain  low 
levels  of  nucleic  acids  and  protein.  The  water 
content  of  PS  was  18.4*7.  as  determined  by  a 
Karl  Fischer  titration  (7).  No  lipid  was  detected 
in  P.  aeruginosa  IT-2  PS  by  quantitative  gas- 
liquid  chromatography  (limit  of  detection.  I  part 
in  1,000).  On  the  other  hand,  LP.S  contained 
lipid,  protein,  nucleic  acid,  phosphate,  and  cnr- 


Table  1.  Compositions  of  P.  aeruginosa  IT-2  PS 
and  LPS 


Component 

%  By  weifht  in: 

PS 

LPS 

Carbohydrate 

83.4 

72 

Lipid 

0 

12.2 

Nucleic  acid 

1.2 

2.2 

Protein 

0.8 

5.8 

Phosphate' 

0 

2.4 

Water 

18.4 

'The  material  for  phosphate  determinations  was 
freed  of  nucleic  acid  by  passage  over  an  ion-exchange 
column. 


bohydrate.  The  lipid  and  carbohydrate  contents 
of  our  P.  aeruginosa  IT-2  LPS  preparation  were 
consistent  with  the  contents  reported  by  other 
investigators  (4,  10). 

Monosaccharide  compositionB  of  P. 
aeruginoaa  IT-2  PS,  LPS,  and  O-side  chain 
polysaccharide.  Gaa-liquid  chromatographic 
and  colorimetric  analyses  of  the  monosaccharide 
compositions  of  P.  aeruginosa  IT-2  PS,  intact 
P.  aeruginosa  IT-2  LPS,  and  the  O-side  chain 
polysaccharide  portion  of  the  LPS  showed  that 
the  LPS  contained  rhamnose,  mannose,  glucose, 
2-acetamido-2.6-dideoxygalactose,  galactosa- 
mine,  glucosamine,  heptose,  and  2-keto-3-deox- 
yoctulosonic  acid,  whereas  PS  contained  man¬ 
nose,  glucose,  rhamnose,  glucosamine,  xylose, 
galactose,  and  arabinose;  the  latter  three  sugars 
were  not  detected  in  LPS  (Table  2).  The  O-side 
chain  polysaccharide  portion  of  the  LPS  con¬ 
tained  only  rhamnose,  mannose,  and  glucose. 

Molecular  weights  of  P.  aeruginosa  IT-2 
PS  and  O-side  chain  polysaccharide  from 
P.  aeruginosa  n'-2  LPS.  High-performance 
liquid  chromatography  of  P.  aeruginosa  IT-2 
PS  on  a  series  of  two  1-250  protein-sizing  col- 
umn.s  showed  that  this  preparation  eluted  as  a 
single  homogeneous  peak  with  a  molecular 
weight  of  2.25  x  10'’.  The  serologically  active  O- 
side  chain  polysaccharide  had  a  molecular 
weight  of  0.3  X  10'. 

Chromatography  of  P.  aeruginosa  IT-2  PS  in 
the  presence  of  3*7  sodium  deoxycholate  on  a 
Sephadex  G-lOO  column  (2.6  by  100  cm)  did  not 
change  the  elution  pattern  of  the  PS. 

.Animal  toxicity  of  P.  aeruginosa  IT-2  PS. 
Injection  of  up  to  25  pg  of  P.  aeruginosa  IT-2 
PS  per  kg  into  rabbits  elicited  no  pyrogenic 
re.sponse(<0.1°C  increa.se  in  3  h).  Similarly,  400 
mg  of  P.  aeruginosa  IT-2  PS  per  kg  injected 
intraperitoneally  into  mice  elicited  no  signs  of 
toxicity  or  symptoms  of  endotoxin  poksoning, 
and  the  mice  gained  weight  normally. 

Serological  relationship  of  P.  aeruginosa 
IT-2  PS  and  LPS.  Immunoelectrophore.sis  of  P. 
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Table  2.  Molar  nuiot  of  tugart  in  P.  aeruginosa  lT-2  PS  and  LPS 


MoUr  ratio  of:* 

Prepn 

Arabi- 

IKMC 

Rham- 

fMMe 

Xylose 

Mftn- 

iMMe 

GftUc- 

UMe 

Glu- 

co«e 

KDO 

Gluam 

Galam 

H«p 

Di- 

deoxy- 

ssl 

PS 

0.74 

0.19 

O.IO 

0.34 

2.23 

1.00 

0 

0.13 

0 

0 

P* 

LPS 

0 

0.34 

0 

0.15 

0 

1.00 

0.05 

0.05 

0.05 

0.04 

P 

0-side  chain  poly¬ 
saccharide  from  LPS 

0 

0.36 

0 

0.34 

0 

1.00 

0 

0 

0 

0 

0 

*  Molar  ratio  per  mole  of  glucose.  Abbreviations;  KDO,  2-keto-3-deoxyoctonoate;  Gluam,  2-acetamido-2- 
deoxyglucose,  Galam,  2-acetamido-2-deoxygalactose;  Hep,L-gtycero-D-mannoheptose:  Dideoxygal,  2-acetaniido- 
2,6-dideoxygalacta8e. 

‘  P,  Present.  Lack  of  a  standard  prohibited  assignment  of  a  molar  value. 


aeruginosa  IT'2  PS  showed  that  this  antigen 
migrated  toward  the  cathode  when  it  was  elec- 
trophoresed  for  45  min  (Fig.  1).  This  is  the 
opposite  polarity  of  migration  shown  by  P. 
aeruginosa  IT-1  PS.  P.  aeruginosa  rr-2  LPS 
did  not  migrate  after  2  h  of  electrophoresis. 

In  immunodiffusion  gels,  P.  aeruginosa  lT-2 
PS  gave  a  single  precipitin  line  when  it  was 
tested  against  antiserum  to  intact  P.  aeruginosa 
IT-2  cells  (Fig.  2).  Acetic  acid  hydrolysis  of  P. 
aeruginosa  lT-2  LPS  released  into  the  solution 
an  antigen  that  gave  a  reaction  of  identity  with 
P.  aeruginosa  IT-2  PS  in  immunodiffusion  geb. 
A  similar  line  of  identity  was  generated  with  P. 
aeruginosa  IT-2  LPS  solutions  that  stood  in 
phosphate-buffered  saline  at  room  temperature 
for  I  to  2  weeks  (Fig.  2). 

Table  3  shows  the  hemagglutination  assay 
titers  of  antisera  prepared  against  P.  aeruginosa 
IT-2  ceUs,  P.  aeruginosa  IT-2  LPS,  P.  aerugi¬ 
nosa  IT-2  A-LPS,  and  P.  aeruginosa  IT-2  PS 
when  these  preparations  were  tested  versus 
SRBC  coated  with  either  LPS  or  A-LPS.  At¬ 
tempts  to  coat  SRBC  with  P.  aeruginosa  IT-2 
PS  by  using  either  chromium  chloride  linking  or 
steroyl  chloride  derivitization  of  PS  (7)  were 
unsuccessful.  However,  since  acid-hydrolyzed 
LPS  and  PS  gave  a  line  of  identity  in  immuno¬ 
diffusion  gels,  it  was  possible  to  use  LPS-sensi- 
tized  SRBC  to  measure  antibodies  to  PS.  The 
specificity  of  this  reaction  was  confirmed  by 
using  PS  as  an  inhibitor  in  a  hemagglutination 
inhibition  assay. 

We  found  that  alkali  treatment  (0.1  N  NaOH. 
37°C,  2  h)  destroyed  the  serological  activity  of 
P.  aeruginosa  IT-1  PS  and  that  the  determi¬ 
nants  shared  with  P.  aeruginosa  IT-1  LPS  were 
also  destroyed  by  thb  treatment.  We  did  not 
observe  this  phenomenon  with  P.  aeruginosa 
IT-2  LPS,  even  after  alkali  treatment  at  SO’C 
for  12  h.  Antiserum  to  P.  aeruginosa  IT-2  PS 
reacted  at  the  same  titer  with  A-LPS-coated 


dT-l  PS 

- 

'?rr-i  IPS 

+ 

IT-2PS  o.^ _ 

IT-21PS 

Fig.  1.  Immunoelectrophoretic  patterns  of  PS  and 
LPS  from  P.  aeruginosa  IT- 1  and  IT -2. 

SRBC  and  with  intact  LPS-coated  SRBC  (Table 
3).  However,  alkali  treatment  of  P.  aeruginosa 
IT-2  PS  at  56°C  for  12  h  did  alter  the  inhibitory 
activity  of  thb  PS  in  serological  assays  specific 
for  the  PS  determinants,  indicating  that  when 
the  PS  determinants  were  freed  from  the  LPS, 
they  became  alkali  labile  (Table  4).  Antiserum 
to  P.  aeruginosa  IT-2  A-LPS  (SO'C,  12  h)  re¬ 
acted  with  SRBC  coated  with  A-LPS  (Table  3). 
Thb  reactivity  could  be  inhibited  by  both  intact 
LPS  and  A-LPS  but  not  by  PS,  acetic  acid- 
hydrolyzed  LPS,  or  alkali-treated  PS  (Table  4). 
These  results  indicated  that  although  P.  aerugi¬ 
nosa  IT-2  A-LPS  and  P.  aeruginosa  IT-2  PS 
had  serologically  active  determinants  in  com¬ 
mon,  the  immunogenicity  of  these  determinants 
was  destroyed  by  alkali  treatment.  Thb  allowed 
us  to  detect  alkali-stable  determinants  on  the 
LPS  by  using  an  assay  in  which  antisera  to  A- 
LPS  and  A-LP.S-coated  SRBC  were  used. 

Active  immunization  of  mice  with  P. 
aeruginosa  IT-2  PS,  LPS,  O-sidc  chain  pol¬ 
ysaccharide,  alkali-treated  PS,  and  A-LPS. 
P.  aeruginosa  IT-2  PS  induced  protective  im¬ 
munity  in  mice  that  were  given  10  to  50  ^g  of  P. 
aeruginosa  IT-2  PS  intraperitoneally  and  chal¬ 
lenged  7  days  later  with  2.6  100%  lethal  doses  of 
live  P.  aeruginosa  IT-2  (Table  5).  These  im¬ 
munizations  were  not  effective  in  protecting 
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Fig.  2.  Immunodiffusion  gel  patterns  obtained 
with  P.  aeruginosa  IT-2  PS,  acetic  acid-hydrolyzed 
LPS,  and  LPS  rehydrated  and  left  to  stand  at  room 
temperature  versus  antiserum  to  P.  aeruginosa  IT-2 
(center  well).  The  antigens  in  the  outer  wells  were  as 
follows:  well  a,  PS  (I  mg/ml):  well  b,  acetic  acid- 
hydrolyzed  LPS  (I  mg/ml):  well  c,  freshly  rehydrated 
LPS  (I  mg/ml);  well  d,  LPS  rehydrated  in  solution 
for  3  days  (I  mg/ml):  ucll  e,  LPS  in  solution  for  7 
days  (I  mg/ml);  well  f,  LPS  in  solution  for  14  days  (I 
mg/ml). 


Table  3.  Hemagglutination  tilers  of  antisera  to 
P.  aeruginosa  lT-2  cells,  PS,  LPS,  andA-LPS 
when  tested  versus  SRBC  coaled  with  either  LPS 
or  A  LPS 


Titer  when  tested  ngsinst  SRBC 


Antiserum  to 


costed  with; 


LPS 

ALPS 

Celts 

1,024'* 

2,048 

PS 

64 

64 

LPS 

1.024 

2,048 

A  LPS 

64 

1,024 

“  Reciprocal  of  the  twofold  .serum  dilution  that  pro¬ 
duced  po.sitive  agglutination  of  antigen-coated  SRBC. 


mice  again.st  challenge  with  P.  aeruginosa  IT-6. 
LPS  from  P.  aerugin<i.sa  IT-2  was  effective  in 
protecting  mice  at  a  level  of  0.10  pg/mouse 
against  a  similar  challenge  (Table  5);  again,  no 
protection  against  challenge  with  P.  aeruginosa 
IT-6  was  observed.  Isolated  O-side  chain  poly¬ 
saccharide  was  not  effective  in  inducing  protec¬ 
tion  at  doses  of  up  to  .'iOd  pg/mouse.  Alkali 
treatment  of  P.  aeruginosa  IT-2  PS  (56°C,  12 
h)  destroyed  the  protective  efficacy  of  this  com¬ 
pound  at  doses  of  up  to  500  ^g/mouse,  whereas 
alkali  treatment  of  P.  aeruginosa  IT-2  LPS 
raised  the  minimum  effective  protective  dose  of 
this  com|)ound  to  1.0  pg/mouse  (Table  5|. 

Table  6  shows  the  enhancement  of  nonspecific 
resistance  to  challenges  with  live  cells  24  h  after 


immunization  with  P,  aeruginosa  IT-2  PS  and 
LPS.  Doses  of  PS  of  up  to  S(X)  pg/mouse  pro¬ 
vided  no  protection  against  challenge  with  live 
cells,  whereas  doses  of  1  and  10  pg  of  LPS  per 
mouse  provided  a  minimal  level  nonspecific 
resistance.  Higher  doses  of  LPS  caused  severe 
endotoxin  poisoning  symptoms  in  the  «niin»h. 

Passive  transfer  studies.  Confinnation  of 
the  presence  of  cross-reactive  determinants  on 
P.  aeruginosa  IT-2  PS  and  LPS  was  obtained 
by  passively  transferring  rabbit  antisera  raised 

Taslb  4.  Inhibitory  activities  of  PS,  alkali-treated 
PS,  LPS,  A-LPS,  and  LPS  O  side  chain  in 
serological  assays 

Activity  of  anti- 

inhibitor  Serum  inhibited  Sen  on  SRBC 

_ LPS  A-LPS 

PS  Anti-LPS  9*  7 

AlkaU-treated  PS  Anti-LPS  — 

LPS  Anti-A-LPS  10  8 

A-LPS  Anti-A-LPS  7  9 

PS  Anti-A-LPS  -  — 

O  side  chain  Anti-A-LPS  —  — 

AlkaU-treated  PS  Anti-A-LPS  —  — 

*  Reciprocal  of  the  logr  dilution  of  a  l-mg/ml  solu¬ 
tion  that  produced  inhibition  of  4  hemagglutination 
units  of  aerum. 

*  — ,  Inhibitory  activity  at  1  mg/ml. 


Table  5.  Active  immunization  of  mice  with  P. 
aeruginosa  IT-2  PS,  alkali-treated  PS,  LPS,  O  side 
chains,  and  A  - LPS 


inirouAOgen 

Amt 

(w) 

Chal- 

lenge 

strain 

No  of 
LD,»,* 

Pro- 

l*cted* 

P  value' 

PS 

0 

lT-2 

2.6 

0 

10 

lT-2 

2.6 

50 

0.016 

25 

lT-2 

2.6 

70 

0.002 

50 

lT-2 

2.6 

80 

<0.001 

50 

lT-6 

1.8 

0 

LPS 

0 

lT-2 

2.9 

0 

0.01 

IT-2 

2.9 

30 

0.105 

0.10 

IT-2 

2.9 

JOT) 

<0.001 

0.10 

IT-6 

1.6 

0 

O  side  chains 

0 

IT-2 

2.6 

0 

10 

IT-2 

2.6 

0 

100 

n-2 

2.6 

0 

500 

IT-2 

2.6 

0 

ALPS 

0 

IT-2 

2.9 

0 

010 

IT-2 

2.9 

10 

0.500 

1.0 

lT-2 

2.9 

70 

0.002 

10.0 

IT-2 

2.9 

60 

0.005 

Alkali-treated 

500 

rr-2 

2.9 

0 

PS 

*  LDiw,  100%  lethal  dose.  The  100%  lethal  doses  for 
P.  aeruginosa  lT-2  and  IT-6  were  10"  and  10  cells  per 
mouse,  respectively. 

*Ten  mice  were  used  in  each  experiment. 

'  P  values  were  calculated  by  the  Fisher  exact  test. 
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Lipopolysaccharide  and  High>Molecular>Wctgh(  Polysaccharide  Serotypes 
of  Pseudomonas  aeruginosa 


GcraM  B.  Pier  and  Diane  M.  Thomas 


From  the  Chatming  Lgborttory  and  DtpartmenI  of 
Medicine.  Hanard  Medical  School  and  the  Brigham  and 
IFomeni  Hospiial,  Boaon,  Maaachnseits 


The  serotype  distribution  of  bacteremic  and  nonbacteremic  clinical  isolates  of 
Pseudomonas  aeruginosa  in  relation  to  the  Fisher  inununotyping  scheme,  the  Interna¬ 
tional  Antigenic  Typing  System  (lATS),  and  high-moiccular-weight  polysaccharide 
determinants  was  investigated.  Of  281  bacteremic  isolates.  273  (97.2ai)  were  serotyped 
by  one  of  the  seven  lATS  speciHcities  that  correspond  to  a  Fbher  lipopolysac- 
charide/high-molecular-weighi  polysaccharide  specificity.  In  contrast,  these  seven 
serotypes  accounted  for  only  68.S9b  of  124  nonbacteremic  clinical  isolates.  Review  of 
the  reported  serotype  distribution  of  P.  aeruginosa  itolstes  in  Europe  further  supported 
the  Finding  of  a  limited  serotype  distribution  among  bacteremic  clinical  isolates.  Fifteen 
of  the  17  I  ATS  serotypes  were  found  among  all  of  the  strains  of  P.  aeruginosa 
serotyped,  an  indication  that  most  of  the  lATS  serotypes  are  present  in  the  United 
States.  Thus,  only  certain  lipopolysaccharide  immunotypes  of  P.  aeruginosa  occur  as 
clinical  bacteremic  isolates,  and  a  multivalent,  high-molecular-weight  polysaccharide 
vaccine  directed  at  the  lipopolysaccharide  type  determinants  of  P.  aeruginosa  has 
potential  usefulness. 


Serotyptng  schemes  for  Pseudomonas  aeruginosa 
have  been  proposed  by  many  investigators  from 
all  over  the  world  (I-S).  Because  of  the  ubiquity  of 
P.  aeruginosa  in  the  environment,  a  means  of  dif¬ 
ferentiating  strains  has  been  thought  necessary  for 
understanding  the  environmental  and  epidemio¬ 
logic  distribution  of  this  organism.  Most  of  the 
serotyping  schemes  have  been  based  on  heat-stable 
antigens.  For  two  of  these  systems,  Habs  16|  and 
Fisher  immunotype  [7],  the  antigenic  determinant 
relative  to  the  serotype  schemes  has  been  shown  to 
reside  on  the  lipopolysaccharide  (LPS).  The  Habs 
system  has  now  been  proposed  as  the  basis  for  an 
international  system  termed  the  International  An¬ 
tigenic  Typing  System  (lATS);  it  incorporates  the 
12  serotypes  of  the  Habs  system  and  five  addition¬ 
al  types  (8]. 

Although  numerous  investigators  have  pre¬ 
sented  data  regarding  the  serotype  distribution  of 
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P.  aeruginosa  from  clinical  [9,  10]  and  environ¬ 
mental  III)  sources,  most  have  concluded  that 
serotyping  of  P.  aeruginosa  offered  little  means  to 
understanding  the  epidemiology  of  the  organism 
(8).  Most  of  these  studies  showed  an  association  of 
a  few  types  with  various  clinical  states  or  environ¬ 
mental  niches  (9,  11],  but  no  conclusive  data  re¬ 
garding  either  serotype  specificity  of  organisms 
for  clinical  conditions  or  spread  of  certain  sero¬ 
types  in  a  hospital  environment  were  seen.  It  is 
curious  that  the  Fisher  system,  consisting  of  seven 
immunotypes,  has  been  reported  in  the  United 
States  to  type  921fo-98*lfo  of  P.  aeruginosa  isolates 
(9, 10],  whereas  in  other  countries  the  1 7  serotypes 
of  the  lATS  system  are  needed  for  comprehensive 
typing  of  most  isolates.  The  seven  Fisher  type  de¬ 
terminants  are  represented  among  the  17  lATS 
types  112],  an  indication  that  they  share  similar 
specincities. 

We  have  been  investigating  a  high-molecular- 
weight  polysaccharide  (PS)  antigen,  purified  from 
cultural  supernatants  of  P.  aeruginosa,  as  a  possi¬ 
ble  vaccine  candidate.  We  have  shown  [13,  14] 
that  the  high-molecular-weight  PSs  purified  from 
P.  aeruginosa  Fisher  types  1  and  2  share  serologic 
determinants  with  the  O  side-chain  antigen  of 
their  respective  LPSs.  The  high-molecular-weight 
PS  antigens  differ  from  the  LPS  antigens  in  terms 
of  chemical  composition,  monosaccharide  constit- 
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uents,  molecular  size,  and  toxicity  in  animals  (13. 
14].  Furthermore,  these  high-molecular-weight  PS 
antigens  are  immunogenic  in  animals  and  actively 
protect  mice  from  challenge  with  live  organisms 
(14,  15].  The  high-molecular-weight  PS  antigens 
most  likely  represent  a  form  of  the  LPS  type  deter¬ 
minant  that  lacks  toxicity  but  retains  immunogeni- 
city.  Recently  the  type  1  high-molecular-weight  PS 
has  been  shown  to  be  immunogenic  in  humans,  in¬ 
ducing  both  binding  and  opsonic  antibody  (16]. 
Unlike  LPS  vaccines  (17]  from  P.  aeruginosa,  the 
high-molecular-weight  PS  vaccine  was  almost 
devoid  of  toxicity  (16]. 

Therefore,  it  was  of  interest  to  determine  the 
serologic  diversity  of  clinical  isolates  of  P.  aerugi¬ 
nosa  in  relation  to  the  serologic  specificities  of 
high-molecular-weight  PSs  and  to  correlate  these 
specificities  with  those  of  the  Fisher  LPS  system 
(1]  and  the  lATS  (8].  We  were  interested  in  ascer¬ 
taining  the  diversity  of  serotype  antigens  among 
bacteremic  and  nonbacteremic  strains  of  P.  aeru¬ 
ginosa  with  the  goal  of  investigating  how  many 
components  a  high-molecular-weight  PS  vaccine 
may  ultimately  need  to  contain  so  that  the  sero¬ 
type  specificity  of  bacteremic  isolates  of  P.  aerugi¬ 
nosa  will  be  comprehensively  covered. 

Materials  and  Methods 

Bacteria!  strains.  Strains  of  P.  aeruginosa  for 
production  of  antisera  were  the  prototype  strains 
of  the  Fisher  LPS  typing  system,  provided  by  Dr. 
M.  W.  Fisher,  Parke-Davis  Co.,  Detroit.  Strains 
of  the  lATS  system  were  supplied  by  Dr.  T.  Pitt  of 
the  Public  Health  Laboratory,  Colindale,  Lon¬ 
don,  England.  Clinical  isolates  were  obtained 


from  the  following  sources:  University  of  Califor¬ 
nia  at  Los  Angeles  Hospital,  courtesy  of  Dr.  Low¬ 
ell  Young:  Brigham  and  Women’s  Hospital.  Bos¬ 
ton,  courtesy  of  Dr.  Tom  O’Brien  and  Elaine 
Cileecc;  Walter  Reed  Army  Hospital.  Washing¬ 
ton,  D.C.,  courtesy  of  Dr.  Alan  Cross;  New  Eng¬ 
land  Deaconess  Hospital,  Boston,  courtesy  of  Dr. 
Paola  Digirolami;  Massachusetts  General  Hospi¬ 
tal,  Boston,  courtesy  of  Dr.  George  Jacoby;  West 
Roxbury  Veterans  Administration  Hospital,  Bos¬ 
ton,  courtesy  of  Dr.  Dennis  Evans;  and  the  Beth 
Israel  Hospital.  Boston,  courtesy  of  Dr.  Ira  Tager. 
All  isolates  were  confirmed  as  being  P.  aeruginosa 
in  the  original  laboratory  and  were  checked  by  us 
for  colonial  morphology  on  agar.  Gram-stain  re¬ 
action,  growth  at  42  C,  and  growth  on  cetrimide 
agar. 

Antigens.  The  antigens  used  for  immunization 
of  rabbits  were  the  LPSs  of  the  seven  Fisher  im- 
munotypes  extracted  with  phenol  and  water  (13, 
14]  and  the  high-molecular-weight  PS  antigens 
from  these  strains  (13,  14]. 

Antisera.  Antisera  to  the  LPS  and  high- 
molecular-weight  PS  antigens  from  the  seven 
Fisher  immunotype  strains  were  produced  in  New 
Zealand  white  rabbits  weighing  3-4  kg  each.  High- 
molecular-weight  PS  or  LPS  (0.5  mg/ml)  Was 
mixed  with  an  equal  volume  (0.5  ml  each)  of  com¬ 
plete  Freund’s  adjuvant  and  injected  into  the  foot¬ 
pad  of  a  rabbit.  The  antigen  (1.0  mg/ml)  in  0.97o 
NaCI  was  also  inoculated  iv  in  0.5-ml  amounts 
every  day  for  one  week.  After  the  animals  were 
rested  for  one  week,  the  above  immunization 
schedule  was  repeated.  Five  days  after  the  final  in¬ 
jection,  the  rabbits  were  bled  by  cardiac  puncture, 
and  the  serum  was  prepared  from  clotted  blood. 


Table  1.  Agglutination  titers  of  three  sets  of  antisera  to  the  17  International  Antigenic  Typing  System  (lATS) 
strains  of  Pseudomonas  aeruginosa. 


lATS  serotype  no. 

Rabbit  antiserum  to 

1 

2  3  4 

3 

6 

7  8 

9 

10 

II 

12 

13  14  IS 

16  17 

lATS  strains 

8 

20  30  4 

30 

20 

40  4 

40 

30 

40 

20 

40  40  4 

4  30 

Fisher  lipopolysaccharide 
Fisher  high-molecular- 

8 

2*  . 

32 

4 

...  8 

4 

4 

weight  polysaccharide 

2 

8  . 

16 

4 

...  4 

2 

4t 

NOTE.  Data  are  the  reciprocal  of  the  serum  dilution  that  agglutinated  with  the  strain  from  which  the  immunizing  antigen  was 
derived. 

*  This  serum  was  adsorbed  with  Fisher  type  7  organisms, 
t  This  serum  was  adsorbed  with  Fisher  type  2  and  type  7  organisms. 


Serotypes  of  P.  aeruginosa 


219 


26 


Agglutinations  were  performed  using  antisera 
made  monospecific  to  the  strain  from  which  the 
immunizing  LPS  or  hrgh-molecuiar-weight  PS  was 
isolated  by  dilution  of  the  serum  to  the  agglutina¬ 
tion  titer  against  the  immunizing  strain  and  ad¬ 
sorption  with  cross-reactive  organisms  of  the 
other  six  Fisher  immunotypes  until  the  cross- 
reactivity  was  eliminated.  Most  of  the  antisera 
were  monospecific  at  the  agglutination  titer,  ex¬ 
cept  for  the  antisera  to  the  Fisher  type  3  LPS  and 
type  2  PS.  Antisera  to  the  lATS  strains  were  pur¬ 
chased  from  Difco  Laboratories,  Detroit. 

Agglutination  assay.  For  serotyping  of  strains, 
the  growth  from  an  overnight  culture  of  P.  aerugi¬ 
nosa  at  37  C  on  trypticase  soy  agar  plates  was  sus¬ 
pended  in  0.9^0  NaCI  to  an  OD  at  650  nm  of  2.0. 
This  suspension  (IS  ^1)  was  mixed  with  IS  ^1  of  the 
typing  serum  in  a  microtiter  plate  (Microbiological 
Associates,  Bethesda,  Md.),  and  agglutination 
was  observed  within  IS  min.  Controls  included 
0.9V»  NaCI  with  suspended  organisms  and  normal 
rabbit  serum  with  suspended  organisms.  Strains 
that  did  not  give  a  smooth  suspension  in  0.9*l^o 
NaCI  but  instead  looked  granular  were  repeatedly 
passed  through  a  l-ml  syringe  to  which  a  27-gauge 
needle  was  attached  to  achieve  a  smooth  suspension. 

Results 

Antisera  standardization.  Agglutination  titers 
of  antisera  to  the  17  I  ATS  strains  that  were  pre¬ 
pared  to  whole  organisms  (Difco  antisera),  Fisher 
immunotype  LPS,  or  Fisher  immunotype  high- 
molecular- weight  PS  are  shown  in  table  1 .  Most  of 
the  sera  were  monospecific  at  the  agglutination 
titer,  except  for  antisera  to  Fisher  type  2  high- 
molecular-weight  PS  and  type  3  LPS.  Both  of 
these  sera  required  adsorption  with  Fisher  type  7 
organisms,  and  antiserum  to  type  3  LPS  needed  to 
be  adsorbed  with  type  2  organisms.  All  of  the  Dif¬ 
co  antisera  to  the  lATS  strains  were  monospecific 
at  the  agglutination  titer.  However,  some  of  these 
sera  had  a  titer  less  than  the  manufacturer’s 
recommended  use  of  a  1:10  dilution. 

Correlation  of  the  serotype  specificities  of  the 
Difco  antisera  to  lATS  strains,  antisera  to  Fisher 
immunotype  LPS,  and  antisera  to  Fisher  im¬ 
munotype  high-molecular-weight  PS  was  under¬ 
taken  by  serotyping  137  isolates  of  P.  aeruginosa 
with  each  set  of  antisera.  Previous  reports  (8,  12) 
correlating  the  Fisher  typing  scheme  with  the 


lATS  looked  only  at  the  agglutination  patterns  of 
(he  prototype  strains  from  these  classifications; 
correlations  were  not  extended  to  other  strains.  Of 
strains  typable  by  one  of  the  seven  lATS  serotypes 
that  corresponded  to  a  Fisher  LPS  immunotype, 
90^0  were  agglutinated  by  the  corresponding  an¬ 
tiserum  to  Fisher  immunotype  LPS  (table  2). 
None  of  the  lATS  serotypes  that  do  not  corre¬ 
spond  to  a  Fisher  LPS  immunotype  was  ag¬ 
glutinated  by  the  antisera  to  Fisher  immunotype 
LPS.  Correlation  of  the  specificities  of  the  Fisher 
LPS  immunotype  and  high-molecular-weight  PS 
serotype  showed  that  97  of  100  strains  serotyped 
by  antiserum  to  purified  LPS  were  also  serotyped 
by  the  corresponding  antiserum  to  high-molecu- 
iar-weight  PS.  Thus,  the  high-molecular-weight 
PS  showed  the  same  type  specificity  as  LPS. 

Serotyping  of  clinical  isolates.  We  obtained 
281  distinct  bacteremic  isolates  of  P.  aeruginosa 
from  four  hospital  laboratories  for  the  interval 
1973-1980  (table  3).  No  effort  was  made  to  ascer¬ 
tain  the  underlying  host  condition  associated  with 
the  bacteremia  due  to  P.  aeruginosa.  The  serotype 
distribution  of  these  strains  (table  4)  revealed  that 

Table  2.  Correlation  of  the  International  Antigenic 
Typing  System  (lATS)  serotype  with  the  Fisher  lipopoly- 
saccharide  (LPS)  and  high-molecular-weight  polysac¬ 
charide  (PS)  immunotype  among  137  isolates  of 
Pseudomonas  aeruginosa. 


Serotype  by  lATS 
(no.  of  strains) 

(mniunotype  by 
Fisher  LPS/PS 
system 

No.  (4h)  with  serotype 

Dif- 

Same  ferent 

t  (15) 

4 

IS  (100) 

0 

2(15) 

3 

12  (80) 

3  (20)* 

3(5) 

0 

4(5) 

0 

5(10) 

7 

8(80) 

2(20) 

6(15) 

I 

13  (87) 

2(13) 

7(1) 

0 

«  (15) 

6 

12  (80)* 

3(20) 

9(5) 

0 

10(15) 

5 

15(100) 

•  1  (IS) 

2 

IS  (100)* 

12(5) 

0 

13(4) 

0 

14(2) 

0 

15(4) 

0 

16  (5) 

0 

17(1) 

0 

•  These  groups  each  contained  one  isolate  for  which  the 
Fisher  LPS  type  did  not  correspond  to  the  Fisher  high- 
molecular-weight  PS  type. 
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273  (97.2V*)  of  these  isolates  were  typed  by  an¬ 
tiserum  to  one  of  the  lATS  serotypes  that  corre¬ 
spond  to  a  Fisher  LPS  immunotype.  Three  of  the 
remaining  eight  isolates  were  not  typable,  and  the 
other  five  were  distributed  among  lATS  serotypes 
3,  4,  9,  and  16.  lATS  combination  serotype  2,S 
was  treated  as  a  separate  category,  which  cor¬ 
responds  to  Fisher  immunotype  3,7. 

The  serotype  distribution  of  124  nonbacteremic 
isolates  of  P.  aeruginosa  from  a  variety  of  clinical 
sources  is  also  shown  in  table  4.  In  contrast  to 
bacteremic  isolates,  only  68.SV0  of  nonbacteremic 
strains  of  P.  aeruginosa  occurred  among  the  seven 
lATS  serotypes  corresponding  to  a  Fisher  LPS  im¬ 
munotype.  None  of  the  nonbacteremic  isolates 
was  lATS  serotype  5  (Fisher  type  7).  The  remain¬ 
ing  31.5%  of  nonbacteremic  isolates  were  ran¬ 
domly  distributed  among  the  lATS  serotypes  that 
do  not  correspond  to  a  Fisher  immunotype,  except 
that  no  lATS  serotype  7  or  17  was  found. 

Next  we  looked  at  the  serotype  distribution  of 
bacteremic  and  nonbacteremic  isolates  of  P.  aeru¬ 
ginosa  from  the  same  hospital  over  the  same  inter¬ 
val.  These  isolates  all  came  from  different  pa¬ 
tients,  and  none  of  the  bacteremic  isolates  came 
from  a  patient  with  a  nonbacteremic  isolate.  Of  26 
bacteremic  isolates,  24  (92.3%)  were  typed  by  an¬ 
tiserum  to  one  of  the  lATS  serotypes  that  corre¬ 
spond  to  a  Fisher  immunotype  (table  5).  In  con¬ 
trast,  24  (75%)  of  32  nonbacteremic  isolates  were 
distributed  among  these  same  seven  serotypes, 
whereas  the  other  25%  were  distributed  among 
five  lATS  serotypes  that  do  not  correspond  to  a 
Fisher  immunotype. 

Discussion 

Although  serotyping  of  isolates  of  P.  aeruginosa  is 
thought  to  be  of  limited  value  in  deriving  epide¬ 
miologic  information  about  the  organism  (8],  the 
present  data  clearly  indicate  the  limited  serotype 
distribution  among  bacteremic  isolates  of  P.  aeru¬ 
ginosa.  The  correlation  of  the  specificities  of  the 
Fisher  LPS  immunotype  and  high-molecular- 
weight  PS  serotype  with  the  specificity  of  the 
lATS  serotype  among  clinical  isolates  of  P.  aeru¬ 
ginosa  indicates  that  the  high-molecular-weight 
PS  antigen  represents  an  immunogenic,  nontoxic 
form  of  the  LPS  type  determinant.  The  fact  that 
the  high-molecular-weight  PS  antigens  arc  a  non¬ 
toxic  form  of  the  LPS  type  determinants  is  further 


Table  3.  Source  of  clinical  isolates  of  bacteremic 
strains  of  Pseudomonas  aeruginosa. 


Source 

No.  of 
strains 

Years 

Brigham  and  Women's  Hospital, 
Boston 

152 

1973-1980 

Walter  Reed  Army  Hospital, 
Washington,  D.C. 

II 

1975-1978 

Massachusetts  General  Hospital, 
Boston 

7 

1980 

University  of  California  at 

Los  Angeles  Hospital 

III 

1973-1979 

encouragement  as  to  the  vaccine  potential  of  high- 
molecular-weight  PS  because  antibody  to  these 
determinants  is  the  important  correlate  of  human 
immunity  to  infection  with  P.  aeruginosa  (10,  18]. 
Pollack  and  Young  [19]  showed  that  85%  of  pa- 


Table  4.  Serotype  distribution  of  281  bacteremic  and 
124  nonbacteremic  isolates  of  Pseudomonas  aeruginosa. 

Isolates 


lATS 

serotype  no. 

Fisher  LPS 
immunotype  no. 

Bacteremic* 

Non¬ 
bacteremic  f 

1 

4 

41  (14.6) 

7  (5.6) 

2 

3 

32(11.4) 

5  (4.0) 

3 

2«0.1) 

3  (2.4) 

4 

1  «0.l) 

5  (4.0) 

5 

7 

10 (3.6) 

0 

6 

1 

79(28.1) 

26(21.0) 

7 

0 

0 

8 

6 

18  (6.4) 

5  (4.0) 

9 

1  «0.l) 

4  (3.2) 

to 

5 

45  (16.0) 

1 1  (8.8) 

II 

2 

37  (13.2) 

26(21.0) 

12 

0 

5  (4.0) 

13 

0 

4  (3.2) 

14 

0 

2  (0.8) 

15 

0 

4  (3.2) 

16 

1  «0.l) 

5  (4.0) 

17 

0 

0 

2,5 

3,7 

II  (3.9) 

5  (4.0) 

MTt 

0 

4  (3.2) 

NTS 

3(0.1) 

3  (2.4) 

NOTE.  Data  are  no.  serolyped  (%).  lATS  =  International 
Antigenic  Typing  System;  LPS  =  lipopolysaccharide. 

•  Of  the  281  isolates  serotyped,  273  (97.2%)  were  one  of  the 
seven  lATS  serotypes  (including  serotype  2,S)  corresponding  to 
a  Fisher  LPS  immunotype. 

t  Of  the  124  isolates  serotyped,  8S  (68.5%)  were  one  of  the 
seven  lATS  serotypes  corresponding  to  a  Fisher  LPS  im¬ 
munotype. 

t  MT  =  multiple  serotypes. 

§  NT  >=  nontypable. 
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Table  S.  Serotypes  of  bacteremic  and  nonbacteremic 
isolates  of  Pseudomonas  aeruginosa  isolated  from  dif¬ 
ferent  patients  in  the  same  hospiul  over  the  same  inter¬ 
val. 


lATS 

serotype  no. 

Fisher  LPS 
immunotype  no. 

No.  (Vt)  of 
strains  serotyped* 

Non- 

Bacteremic  bacteremic 

1 

4 

1  (3.8) 

1  (3.1) 

2 

3 

3(11.5) 

0 

3 

2  (7.7) 

0 

4 

0 

1  (3.1) 

5 

7 

2  (7.7) 

0 

6 

1 

2  (7.7) 

8  (25.0) 

7 

0 

0 

8 

6 

2(7.7) 

2  (6.2) 

9 

0 

1  (3.1) 

10 

3 

5  (19.2) 

3  (9.4) 

II 

2 

7  (26.9) 

10(31.3) 

12 

0 

1  (3.1) 

13 

0 

0 

14 

0 

1  (3.1) 

IS 

0 

1  (3.1) 

16 

0 

3  (9.4) 

17 

0 

0 

2,S 

3.7 

2  (7.7) 

0 

MTt 

0 

0 

NTt 

0 

0 

*  Twenty-four  {92.i%)  of  26  bacteremic  isolates  were  of  an 
International  Antigenic  Typing  System  (lATS)  serotype  that 
corresponds  to  one  of  the  seven  Fisher  lipopolysaccharide 
(LPS)  immunotypes,  whereas  24  (75^o)  of  32  nonbacteremic 
isolates  were  of  an  lATS  serotype  that  corresponds  to  one  of 
the  seven  Fisher  LPS  immunotypes. 
t  MT  =  multiple  serotypes, 
t  NT  =  noniypable. 


tients  with  high  titers  of  antibody  to  LPS  in  acute- 
phase  serum  survived  infection  with  P.  aeruginosa 
vs.  48^0  of  persons  with  low  titers  of  antibody  to 
LPS.  The  encouraging  results  in  active  immuniza¬ 
tion  studies  of  humans  using  a  heptavalent  LPS 
vaccine  to  the  seven  Fisher  LPS  immunotypes 
have  indicated  the  efficacy  of  antibody  to  this 
serologic  determinant  in  protecting  the  patient  at 
risk  from  P.  aeruginosa-zssocmed  death  (20-241. 

The  development  of  LPS  type-specific  an¬ 
tibodies  after  infection  with  P.  aeruginosa  has  also 
provided  evidence  for  the  role  of  serotype-specific 
immunity.  Crowder  et  al.  (18)  showed  that  after 
infection  with  P.  aeruginosa  the  sera  of  15  of  22 
patients  contained  at  least  one  precipitin  for  LPS 
antigens,  whereas  sera  from  normal  subjects 
lacked  precipilins  for  P.  aeruginosa  LPS.  Young 


et  at.  (25)  showed  that  91%  of  patients  recovering 
from  P.  aeruginosa  bacteremia  or  other  deep  in¬ 
fections  had  antibody  to  LPS  antigens.  None  of  SO 
normal  control  subjects  and  none  of  47  patients 
recovering  from  bacteremia  caused  by  other  gram¬ 
negative  bacteria  possessed  these  precipitins  for 
LPS.  These  data  clearly  indicate  an  immune 
response  of  infected  individuals  to  LPS  type  deter¬ 
minants  after  infection  with  P.  aeruginosa. 

Our  present  data  indicate  that  among  bacter¬ 
emic  isolates  of  P.  aeruginosa  in  the  United  States, 
an  overwhelming  majority  (97.2%)  are  one  of  the 
seven  lATS  serotypes  that  correspond  to  a  Fisher 
LPS  immunotype.  Furthermore,  the  high-molecular- 
weight  PS  antigens,  which  cross-react  serological¬ 
ly  with  LPS  determinants  [13,  14],  induced  an  an¬ 
tibody  response  in  rabbits  identical  to  that  seen 
with  LPS  immunization.  The  resultant  agglutina¬ 
tion  pattern  of  organisms  with  antisera  to  high- 
molecular-weight  PS  is  essentially  identical  with 
that  to  antisera  to  LPS.  Thus,  because  high-mo¬ 
lecular-weight  PS  antigens  are  capable  of  inducing 
type-specific  antibodies  to  P.  aeruginosa  and  be¬ 
cause  there  are  a  limited  number  of  important  sero¬ 
types  in  bacteremic  isolates  of  P.  aeruginosa,  the  de¬ 
velopment  of  a  multivalent,  high-molecular-weight 
PS  vaccine  appears  feasible. 

On  the  basis  of  these  studies,  the  valency  of  this 
vaccine  would  appear  to  be  seven.  In  Denmark 
[26]  and  the  Federal  Republic  of  Germany  [27], 
the  seven  lATS  serotypes  that  correspond  to  a 
Fisher  LPS  immunotype  accounted  for  90.9%  and 
88%,  respectively,  of  blood  and  cerebrospinal 
fluid  isolates  of  P.  aeruginosa;  when  two  other 
lATS  serotypes,  3  and  4  (which  do  not  correspond 
to  a  Fisher  serotype),  are  included,  then  96.9% 
and  100%,  respectively,  of  blood  and  cerebrospi¬ 
nal  fluid  isolates  are  accounted  for.  This  number 
may  represent  an  upper  limit  to  the  valency  of  a 
vaccine  directed  at  serotype  determinants  of 
P.  aeruginosa. 

The  occurrence  of  lATS  serotypes  of  P.  aerugi¬ 
nosa  other  than  the  seven  that  correspond  to  the 
Fisher  LPS  immunotypes  among  nonbacteremic 
isolates  in  our  study  indicates  that  the  serotype 
distribution  of  P.  aeruginosa  in  the  United  States 
is  not  limited.  Furthermore,  in  the  studies  of  Mik- 
kelsen  (26],  Ullmann  and  Schmulling  (27],  and 
Southern  et  al.  (28],  lATS  serotypes  7  and  12-15 
were  never  isolated  from  blood.  Data  regarding 
serotypes  16  and  17  were  not  presented  in  these 
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studies.  We  found  that  14  of  17  lATS  serotypes 
occur  among  nonbacteremic  isolates  of  P.  aerugi¬ 
nosa  in  the  United  States  and  that  one  of  the  three 
serotypes  not  found  among  nonbacteremic  isolates 
(lATS  serotype  S)  occurs  among  bacteremic  iso¬ 
lates.  In  a  single  hospital  monitored  over  a  single 
interval,  five  lATS  serotypes  that  do  not  corre¬ 
spond  to  a  Fisher  LPS  immunotype  occurred 
among  nonbacteremic  isolates,  but  these  serotypes 
did  not  occur  among  bacteremic  isolates.  Thus, 
P.  aeruginosa  lATS  serotypes  1-6, 8, 10,  and  1 1  ap¬ 
pear  to  represent  markers  for  virulent  serotypes 
capable  of  causing  bacteremic  disease.  This  sit¬ 
uation  is  analogous  to  disease  caused  by  Strepto¬ 
coccus  pneumoniae.  Neisseria  meningitidis,  and 
Haemophilus  influenzae,  in  which  only  certain 
serotypes  are  associated  with  pathogenicity  in 
humans.  However,  for  these  examples  and  for 
P.  aeruginosa  these  surface  serotype  markers  are  not 
considered  pathogenic.  Indeed,  for  some  of  these 
organisms,  the  surface  serotype  determinants  (in 
the  form  of  purified  capsular  polysaccharides)  are 
used  as  human  vaccines.  Because  both  organism 
factors  and  host  resistance  determine  whether  a 
disease  will  occur,  the  serotype  determinants  asso¬ 
ciated  with  bacteremic  strains  of  P.  aeruginosa  only 
indicate  those  strains  with  pathogenic  potential, 
which  we  defined  as  causing  bacteremia.  Virulence 
differences  can  obviously  exist  within  strains  of 
the  same  serotype,  but  it  appears  that  certain  sero¬ 
types  of  P.  aeruginosa  almost  never  cause  bacter¬ 
emic  disease. 

It  is  highly  encouraging  that  bacteremic  strains 
of  P.  aeruginosa  have  a  limited  serotype  distribu¬ 
tion  and  that  antisera  to  the  high-molecular- 
weight  PS  antigens  follow  the  Fisher  LPS  typing 
system.  The  capability  of  immunization  with  high- 
molecular-weight  PS  to  induce  serotype-specific 
antibodies  in  rabbits,  coupled  with  observations 
of  the  limited  serotype  diversity  of  bacteremic 
strains  of  P.  aeruginosa,  provides  encouragement 
for  the  development  of  a  high-molecular-weight 
PS  vaccine  that  may  be  able  to  induce  in  humans 
the  needed  LPS  type-specific  immunity. 
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Abstract  The  safety  and  immunogenicity  of  a 
high  molecular  weight  polysaccharide  from  immu¬ 
notype  1  FseudomoruLS  aeruginosa  were  tested  in  a 
dose  response  fashion  in  adult  volunteers.  The  vaccine 
lacked  toxicity  and  pyrogenicity  for  experimental  an¬ 
imals.  Doses  of  50,  75,  150,  or  250  /ig  were  given  to 
groups  of  individuals  as  a  single  dose  subcutaneous 
injection.  Doses  of  150  and  250  pg  were  associated 
with  a  significant  rise  in  binding  and  opsonic  antibody 
at  2  wk  postimmunization.  Titers  remained  unchanged 
for  up  to  6  mo.  The  vaccine  was  almost  devoid  of 
toxicity,  eliciting  no  more  than  a  slightly  sore  and 
tender  arm  at  the  site  of  injection.  High  molecular 
weight  polysaccharide  antigen  appears  to  induce  a 
good  immune  response  following  vaccination  that  is 
effective  in  mediating  opsonophagocytic  killing  of  live 
P.  aeruginosa  organisms. 

INTRODUCTION 

Infections  caused  by  Pseudomonas  aeruginosa  have 
been  particularly  difficult  to  treat  due  to  the  organ¬ 
ism’s  resistance  to  many  antibiotics,  the  severity  of  the 
hosts'  underlying  condition  that  predisposes  to  P.  aeru¬ 
ginosa  infection,  and  the  rapidity  with  which  a  sep¬ 
ticemia  can  be  fatal  (1,  2).  Immunotherapeutic  mo¬ 
dalities  have  been  proposed  as  a  potential  means  of 
increasing  host  resistance  to  this  organism.  Antibody 
directed  towards  cell  surface  lipopolysaccharide  (LPS)' 
determinants  has  been  shown  to  be  effective  in  me¬ 
diating  opsonophagocytic  killing  of  P.  aeruginosa  (3, 
4).  This  antibody  has  been  detected  in  the  serum  of 
patients  convalescing  from  P.  aeruginosa  sepsis  (5,  6), 
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and  survival  of  a  P.  aeruginosa  sepsis  episode  has  been 
associated  with  high  levels  of  antibody  to  LPS  in  the 
acute  phase  serum  (7).  Attempts  to  induce  antibody 
to  LPS  determinants  in  bum  patients  (8),  cancer  pa¬ 
tients  (9),  and  children  with  cystic  fibrosis  (10)  have 
been  hampered  by  the  toxicity  of  LPS  when  used  as 
a  human  vaccine.  Nonetheless,  these  studies  did  sug¬ 
gest  a  drop  in  P.  aerugittosa  associated  mortality  fol¬ 
lowing  the  use  of  an  LPS  vaccine.  Recently,  Jones  et 
al.  (11)  documented  the  efficacy  of  a  P.  aeruginosa 
vaccine  plus  immunoglobulin  in  burn  patients.  Al¬ 
though  the  serologically  active  component  of  this  vac¬ 
cine  has  yet  to  be  identified,  the  method  of  preparation 
(12)  suggests  it  may  be  LPS. 

A  safe  and  immunogenic  vaccine  containing  P. 
aeruginosa  LPS  serotype  determinants  would  thus  ap¬ 
pear  to  be  an  ideal  candidate  for  an  immunothera¬ 
peutic  agent  to  prevent  P.  aeruginosa  sepsis.  High 
molecular  weight  polysaccharide  (PS)  isolated  from 
the  supernate  of  P.  aeruginosa  cultures  has  been  shown 
to  be  immunogenic  in  animals  (13),  to  elicit  protection 
to  live  organism  challenge  (14,  15)  and  to  be  nontoxic 
in  mice  and  guinea  pigs  and  nonpyrogenic  in  rabbits 
(14, 15).  These  PS  antigens  share  serological  specificity 
with  the  "O”  specific  side  chain  of  LPS,  yet  differ 
from  "O"  side  chains  by  their  immunogenicity,  bio¬ 
chemical  constituents,  monosaccharide  composition, 
and  molecular  size  (14,  15).  Intact  LPS  contains  the 
toxic  lipid  A  component  that  is  lacking  in  PS.  Rabbit 
antisera  to  PS  antigens  contains  antibody  primarily 
directed  at  the  LPS  "O"  side  chain  determinant,  yet 
lacks  anitbody  to  a  second  LPS-specific  determinant 
present  on  the  LPS  molecule  from  all  of  the  seven 
Fisher  immunotypes  of  P.  aeruginosa.*  Thus  animal 
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studies  have  shown  that  PS  is  capable  of  inducing  an 
antibody  response  directed  at  LPS  serotype  determi¬ 
nants,  yet  lacks  the  toxicity  associated  with  LPS  vac¬ 
cines.  The  present  study  was  designed  to  assess  the 
immunogenicity  and  safety  of  a  prototype  PS  vaccine 
isolated  from  the  immunotype  1  (IT-1)  strain  of  P. 
aeruginosa  in  adult  human  volunteers,  including  an 
assessment  of  the  functional  nature  of  the  antibody 
induced. 

METHODS 

Vaccine.  High  molecular  weight  PS  antigen  was  ex¬ 
tracted  from  a  30-liter  culture  of  lT-1  P.  aeruginosa  grown 
in  trypticase  soy  broth  (Difco  Laboratories,  Detroit,  Mich.) 
supplemented  with  IK  s^ium  acetate.  After  48  h  of  growth, 
300  g  of  hexadecyllrimethylammonium  bromide  was  added 
and  the  precipitate  and  the  organisms  removed  by  centrif¬ 
ugation.  The  supernate  was  then  concentrated  to  800  ml  on 
an  Amicon  TCE  S  ultrafiltration  apparatus  using  PM  30 
membranes  (Amicon  Carp.,  Danvers,  Mass.).  The  crude  PS- 
containing  material  was  precipitated  from  the  concentrate 
by  the  addition  of  4  vol  of  95K  ethanol  and  recovered  by 
centrifugation.  This  material  was  redissoived  in  phosphate- 
buffered  saline  (0.1  M  phosphate,  O.ISM  NaCI,  pH  7.2) 
heated  at  60*C  for  1  h,  and  a  one-tenth  volume  of  lOK  hex- 
adecyltrimethylammonium  bromide  added  to  precipitate 
nucleic  acids.  After  centrifugation,  the  supernate  was  re¬ 
covered,  crude  PS  precipitate  by  the  addition  of  4  vol  of 
9SK  ethanol,  and  the  above  procedure  for  removing  nucleic 
acids  repeated  twice.  Following  this,  the  crude  PS  was  dis¬ 
solved  in  IK  acetic  acid,  the  pH  adiusted  to  S.O  with  glacial 
acetic  acid,  and  the  solution  heated  at  90*C  for  18  h.  This 
procedure  cleaved  the  LPS  into  its  lipid  A  and  “O*’  side 
chain  components  for  subsequent  removal.  After  cooling,  the 
lipid  A  precipitate  was  removed  by  centrifugation,  the  su¬ 
pernate  extracted  10  times  with  chloroform  then  twice  with 
90K  phenol,  precipitated  with  4  vol  of  9SK  ethanol,  redis- 
solved  in  PBS,  and  applied  to  a  Sephacyl  S-300  column  2.6 
X  100  cm  in  four  separate  runs.  The  serologically  active 
material  eluting  between  the  void  volume  and  the  point 
where  a  70,000-mol  wt  dextran  marker  begins  to  elute  was 
collected,  precipitated  with  alcohol,  recovered,  dialyzed, 
and  lyophilized.  This  material  was  then  weighed,  dissolved 
to  1  mg/ml  in  pyrogen-free  water  with  l:30,0(Mmerthiolate 
added  and  lyophilized  as  1-mg  aliquots  in  individual  vials. 
Sterility  of  the  material  was  ascertained  in  bulk  before  pack¬ 
aging  and  in  lOK  of  the  final  packaged  material  in  accor¬ 
dance  with  the  Food  and  Drug  Administration  regulations 
(Title  21,  Sect.  610.12).  Prior  to  injection  the  vaccines  were 
reconstituted  with  an  appropriate  amount  of  sterile  saline 
for  injection  to  give  the  desired  dosage  in  0.5  ml. 

Chemical  analytes.  Analyses  for  nucleic  acids,  proteins, 
LPS,  lipids,  phosphate,  carbohydrate,  monosaccharide  com¬ 
ponents,  and  water  were  performed  as  described  (13). 

Animol  toxicity  tiudiet.  The  general  safety  test  using 
guinea  pigs  (Title  21,  Section  610.1 1)  was  done  in  two  Har¬ 
tley  strain  animals  weighing  325  and  345  g.  The  animals 
were  given  500  ng  of  PS  in  5  ml  saline,  observed  and  weighed 
daily.  The  growth  rate  of  21  g  mice  was  observed  following 
intraperitoneal  injection  of  500  ftg  PS  in  0.5  mi  saline.  Pyro- 
genicity  was  tested  in  three  New  Zealand  White  rabbits 
weighing  between  2.04  and  2.50  kg  following  intravenous 


injection  of  300  Mg/kg  body  wt.  Rectal  temperatures  were 
recorded  prior  to  immunization  and  hourly  for  3h  there¬ 
after.  Endotoxin  contamination  was  tested  for  by  the  limulus 
lysate  coagulation  method  (Sigma  Chemical  Co.,  St.  Louis, 
Mo.).  Two  12-kg  rheuses  monkeys  were  given  four  injections 
of  100  Mg  of  PS  subcutaneously  at  3-d  intervals  and  observed 
for  local  and  systemic  reactions  (or  72  h  after  each  injection. 
Sera  were  collected  before  injection  and  weekly  for  4  wk 
following  the  final  injection. 

Subjects.  42  normal  healthy  adult  volunteers  were  asked 
to  participate  in  this  study.  Signed  informed  consent  was 
obtained,  the  volunteers  randomly  assigned  to  one  of  (our 
groups  receiving  various  doses  of  the  vaccine,  20  ml  of  blood 
obtained  by  venipuncture,  then  a  O.S-ml  subcutaneous  in¬ 
jection  of  the  vaccine  given  in  the  deltoid  region  of  the  arm. 
Subjects  were  interviewed  at  24  and  48  h  after  the  injection, 
symptoms  noted,  and  temperatures  recorded.  Pottimmuni- 
zation  sera  were  obtained  at  14-  and  28-d  intervals  following 
injection.  For  some  subjects,  serum  was  also  obtained  6  mo 
post  injection. 

Serologic  methods.  Serum  antibody  leveb  to  the  IT-1  PS 
were  quantitated  by  means  of  a  radioactive  antigen  binding 
assay  using  intrinsically  labeled  ('*C]PS  prepar^  as  previ¬ 
ously  described  (13,  16).  Sera  were  separated  and  stored  at 
— 20*C.  Quantitation  was  performed  as  previously  described 
for  animal  sera  (16)  except  that  five  human  sera  were  used 
to  establish  a  standard  curve.  The  correlation  coefficient 
between  percentage  binding  in  the  radioactive  antigen  bind¬ 
ing  assay  vs.  logw  microgram  per  milliliter  of  antibody  was 
0.901. 

Opsonophagocytosis  assays  were  performed  by  an  adap¬ 
tation  of  the  methods  of  ^Itimore  et  al.  (17)  and  Young 
(4).  Human  peripheral  blood  leukocytes  were  purified  on  a 
dextran  gradient,  (reed  of  erythrocytes,  and  suspended  to 
10^  cells  per  milliliter.  P.  aeruginosa  IT-1  was  harvested  in 
mid-log  growth  phase,  washed  once  with  minimal  essential 
media  (Microbiological  Associates,  Bethesda,  Md.)  and  re¬ 
suspended  to  3  X  10’  organisms/ml.  The  reaction  mixture 
consisted  of  100  pi  of  the  serum  or  serum  dilution  to  be 
tested,  1(X)  pi  of  cells,  100  pi  of  organisms,  and  1(X)  pi  of  a 
1:5  dilution  of  guinea  pig  complement.  A  25-pl  aliquot  was 
removed  from  the  tube  at  time  0,  diluted  in  distill^  water 
to  lyse  the  leukocytes,  then  further  diluted  in  saline  and 
plated  out  on  trypticase  soy  agar  plates  (or  bacterial  enu¬ 
meration.  A  similar  aliquot  was  removed  following  60  min 
of  incubation  at  37*C  where  tubes  were  continuously  mixed, 
and  organisms  counted.  The  opsonic  titer  of  the  serum  was 
expres^  as  the  reciprocal  of  the  serum  dilution  killing  90K 
or  more  of  the  initial  inoculum.  Controls  for  each  experiment 
included  mixtures  of  two  of  three  components  (cells,  serum, 
and  complement)  plus  organisms  and  media. 

Statistical  methods.  Differences  in  the  concentration  of 
antibody  in  preimmunization  and  postimmunization  sera 
were  comparH  by  a  I  test  (18).  Antibody  titer  rises  of  four¬ 
fold  or  greater  in  the  opsonophagocytic  assay  were  consid¬ 
ered  a  positive  response  and  analysis  of  responses  between 
groups  receiving  different  doses  were  compared  by  logistic 
regression  (19). 


RESULTS 

Chemical  analyses.  The  results  of  analyses  for  the 
various  biochemical  and  monosaccharide  constituents 
of  the  IT-1  high  molecular  weight  PS  are  shown  in 
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Table  I 

Chemical  Analyse*  of  the  P.  aeruginosa  IT~1  Vaccine 


Component 


Carbohydrate  (Total) 

72.5 

Lipid 

<0.5 

Phioaphate 

<0.5 

Nucleic  acid 

0.8 

Protein 

0.9 

Water 

22.2 

Monosaccharide  constituents 

Arabinose 

6.1 

Rhamnose 

3.4 

Mannose 

62.2 

Galactose 

19.8 

Glucose 

8.5 

Table  I.  Consistent  with  previously  published  results 
(13)  the  antigen  was  composed  principally  of  carbo¬ 
hydrate,  with  low  levels  of  contaminating  nucleic  ac¬ 
ids,  protein,  and  LPS.  A  high  level  of  mannose  was 
also  found  along  with  the  previously  reported  mono¬ 
saccharides  of  arabinose,  rhamnose,  galactose,  and  glu¬ 
cose  (13). 

Animal  studies.  The  results  of  animal  tests  and  in 
vitro  coagulation  of  the  limilus  amebocyte  lysate  for 
toxicity  indicated  that  the  PS  vaccine  passed  these  tests 
with  no  indication  of  toxicity.  These  tests  were  per¬ 
formed  on  final  packed  material  rehydrated  with  ster¬ 
ile  saline  for  injMtion.  No  significant  rises  in  temper¬ 
ature  (<0.5*  F)  were  detected  in  rabbits  given  300 
Mg/kg  body  wt.  Further  lack  of  biologically  active  en¬ 
dotoxins  was  seen  in  the  limulus  lysate  assay,  where 


Table  II 

Analyses  for  Endotoxin  Contamination  by  Gelation  of 
the  Limulus  Amebocyte  Lysate 


lachenehiM  ccti 
LPS  M«nd«rd 


it  took  1,000  times  more  vaccine  than  control  LPS  to 
gel  the  lysate  (Table  II).  General  toxicity  tests  in  guinea 
pigs,  mice,  and  monkeys  revealed  normal  weight  gains 
following  injection  of  up  to  500  mK  PS  vaccine.  The 
two  monkeys  given  four  lOO-pg  injections  developed 
both  binding  antibody  and  titer  rises  of  fourfold  or 
greater  by  opsonophagocytosis. 

Toxicity  in  human  volunteers.  Four  different  doses 
were  given  to  volunteers:  7  persons  received  50  stg>  S 
persons  received  75  Mg.  12  persons  received  ISO  Mg. 
and  18  persons  received  250  Mg-  Reactions  to  the  PS 
vaccine  were  exceedingly  mild,  and  no  greater  reac¬ 
tion  than  soreness  and  slight  tenderness  at  the  injection 
site  were  noted  for  any  vaccinee  at  any  dose,  except 
for  one  person  receiving  ISO  Mg  who  scratched  by 
the  needle  under  the  injection  site  and  developed  a 
slightly  red  and  tender  area  lasting  for  48  h.  No  re¬ 
action  lasted  >48  h,  and  no  erythema  or  induration 
was  seen  in  any  vaccinee  other  than  as  noted  above. 
Slight  soreness  and  tenderness  at  the  injection  site  was 
seen  in  1  of  7  (14.3%)  persons  given  50  Mg.  1  of  5  (20%) 
persons  given  75  Mg.  4  of  12  (33.3%)  persons  given  150 
Mg.  and  12  of  18  (66.7%)  persons  given  250  Mg- 

Antibody  response.  The  antibody  responses  of  sub¬ 
jects  in  each  of  the  four  dosage  groups  2  and  4  wk 
postimmunization,  as  quantitated  in  the  radioactive 
antigen  binding  assay,  are  shown  in  Table  III.  There 
was  no  significant  difference  between  preimmuniza¬ 
tion  and  postimmunization  concentrations  of  antibody 
in  the  group  given  50  of  75  Mg  (*  I**')-  ftt  group 
given  150  Mg  a  significant  (P  •=  0.004)  difference  in  the 
mean  pre-  and  postimmunization  antibody  concentra¬ 
tions  were  noted.  Similarly,  at  250  Mg  •  significant  (P 
•  0.002)  difference  in  antibody  concentration  was 


Table  III 

Immunogenicity  of  PS  Vaccine  from  IT-l  P.  aeruginosa 

Antibody  conccntralien  itowwtrk  ni«nn±$D  (rwife),  nf/mi 
Wodu  offer  fmmuntiolion 


50 

I3.2±128 

30.5±29.2 

31.2130.3 

0.1 

- 

- 

(39-400) 

(4.0-884) 

(4.0-86.8) 

0.5 

- 

75 

22  81:41.9 

42.81739 

44.5176.8 

1.0 

- 

+ 

+ 

(4.1-97.8) 

(3.8-174.3) 

(3.8-175.2) 

100 

— 

+ 

+ 

100.0 

+ 

+ 

150 

59±36 

63.8155.8 

66.7±54.3 

1.0000 

•f 

+ 

(1  7-149) 

(61-147.4) 

(6  1-155.8) 

250 

4  9±l  9 

55.9161.8 

56.3159.3 

*  -f  Indicates  gelal 

ion  of  lysate: 

indicates 

no  gelation  after 

(36-10.2) 

(3.7-250) 

(3.7-232) 

24  h 

—  ■ 

P.  aeruginosa  Polysaccharide  Vaccine 

305 

Table  IV 

Duration  of  Antibody  Levels  in  Persons  Receiving  ISO 
Mg  of  IT- 1  P.  aerugirwsa  PS  Vaccine 


AiUlhodyoo* 

onrtrttieM  Mi  itc/nl-feomctric  mcui±SD  (f*ng«) 

Tine  fifler  inmuninlion 

Dificrmec 

0 

<  no 

5.9±3.6 

a2.7±29.3 

27.3±28.8 

(1.7-14.9) 

(4.2-94.2) 

(l.l-«7.4) 

noted.  So  significant  difference  was  noted  in  the  geo¬ 
metric  mean  antibody  titer  achieved  at  2  wk  when 
compared  to  4  wk  by  a  pooled  t  test,  and  no  significant 
difference  was  noted  between  the  geometric  mean 
antibody  concentration  achieved  in  the  sera  of  vac- 
cinees  receiving  150  fig  (63.8  Mg/ml)  vs.  that  achieved 
at  the  250-^g  dosage  (55.9  Mg/ml).  Serum  antibody 
levels  present  at  6  mo  following  immunization  with 
150  Mg  Mre  shown  in  Table  IV.  The  decrease  in  indi¬ 
vidual  antibody  levels  was  not  significant,  indicating 
maintenance  of  antibody  titers  during  this  interval. 

Functional  properties  of  the  induced  antibodies 
were  measured  in  an  opsonophagocytosis  test,  and  the 
titers  determined  for  pre-  and  day  14  postimmuni¬ 
zation  sera  are  shown  in  Table  V.  3  of  7  persons  re¬ 
ceiving  50  Mg  had  a  fourfold  or  greater  increase  in 
titer  in  this  assay,  while  2  of  5  persons  receiving  75 
Mg.  9  of  12  persons  receiving  150  Mg>  16  of  18 
persons  receiving  250  Mg  had  these  responses.  In  the 
total  population,  32  ptersons  had  preimmunization  ti¬ 
ters  of  two  or  less,  8  had  preimmunization  titers  of 
four  through  eight  and  2  had  preimmunization  titers 
of  more  than  eight.  After  immunization,  7  persons  had 
titers  of  2  or  less,  13  had  titers  of  4-8  and  23  had  titers 
of  1:16  or  greater,  up  to  1:128.  Logistic  regression  anal¬ 
yses  of  the  dose  response  effect  was  performed  on  these 


data.  Responses  were  designated  1  or  0  to  indicate 
whether  or  not  a  fourfold  or  greater  titer  rise  had  oc¬ 
curred.  The  responses  at  50  and  75  Mg  were  treated 
as  one  category  (low  dose)  for  these  statistical  purposes. 
A  highly  significant  difference  (P<0.(X)1)  was  ob¬ 
served  between  the  response  seen  in  the  group  im¬ 
munized  with  150  and  250  Mg>  '*'hen  compared  to  the 
response  of  the  50-  and  7S-Mg  group.  The  difference 
in  response  between  150-  and  250-Mg  doses  was  mar¬ 
ginally  significant.  (P  «  0.079).  This  suggested  a  trend 
lor  the  higher  dose  being  slightly  more  efficacious  in 
inducing  a  functional  antibody  response. 

DISCUSSION 

Disease  due  to  P.  aeruginosa  infections  is  most  often 
seen  in  immunocompromised  or  traumatized  hosts. 
Susceptibility  to  infection  has  been  thought  to  be  cor¬ 
related  with  granulocytopenia  (2),  though  the  under¬ 
lying  host  condition  was  found  to  be  a  better  indicator 
of  the  severity  and  outcome  of  P.  aeruginosa  sepsis 
(20).  These  immunocompromised  patients,  who  are  at 
risk  for  developing  P.  aeruginosa  infections,  are  al¬ 
tered  in  their  responses  to  immunological  stimuli,  and 
therefore  may  not  respond  to  the  PS  antigen  with  hu¬ 
moral  antibody,  as  was  shown  here  for  normal  vol¬ 
unteers.  Vaccination  of  granulocytopenic  populations 
generally  results  in  poor  immune  responses,  but  there 
are  certain  populations  who  are  at  high  risk  for  P. 
aeruginosa  infections  that  can  be  immunized  prophy- 
lacticaiiy.  Other  populations,  such  as  burn  and  trauma 
victims,  may  respond  adequately  to  vaccination  if 
given  soon  enough  after  injury.  Immunosuppressed 
populations  can  potentially  be  immunized  before  or 
in  between  courses  of  therapy.  Since  the  PS  vaccine 
used  here  induced  both  binding  and  opsonic  antibody, 
and  has  minimal  toxicity  in  vaccinees,  it  offers  the 
possibility  to  function  as  an  effective  immunothera- 
peutic  agent  for  preventing  P.  aeruginosa  sepsis. 


Table  V 


Serum  Titers  in  the  Opsonophagocytosis  Assay  following  Immunization 
with  P.  aeruginosa  IT-l  PS  Vaccine 


Dow 

Number 

immunised 

FrHmffiuftiaetMm  iMer 

Pnlinmuniselion  titer 

No  pertent  with 

*2 

>6 

4~4 

>9 

fourfold  or 
(reefer  rise 

so 

7 

5* 

2 

0 

3 

2 

2 

3 

75 

5 

4 

1 

0 

3 

I 

1 

2 

150 

12 

9 

1 

2 

1 

5 

6 

9 

250 

18 

14 

4 

0 

0 

5 

13 

16 

•  Represents  number  of  veccinees  with  this  titer. 
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PS  antigens  are  prepared  by  a  method  utilizing  heat 
and  acid  to  cleave  the  contaminating  LPS  into  its  lipid 
A,  “O"  side  chain  and  core  components  for  subsequent 
elimination.  This  somewhat  harsh  method  was  chosen 
because  it  was  found  to  be  the  only  method  that  re¬ 
moved  all  detectable  intact  LPS.  Although  low  levels 
of  LPS  contamination  in  a  vaccine  may  not  be  of  any 
concern  if  the  toxicity  is  within  acceptable  limits,  an¬ 
imal  studies  of  numerous  P.  aeruginosa  vaccines  have 
often  indicated  that  contaminating  LPS  is  the  respon¬ 
sible  agent  for  the  immunogenicity  and  protective  ef¬ 
ficacy  seen  (14).  The  immunogenicity  of  this  PS  vac¬ 
cine  in  humans,  coupled  with  its  almost  total  lack  of 
toxicity,  indicates  that  the  acetic  acid  method  for  elim¬ 
ination  of  LPS  is  not  only  an  effective  procedure  for 
reducing  toxicity,  but  does  not  interfere  with  immu¬ 
nogenicity. 

The  magnitude  of  the  human  immune  response  to 
PS  is  particularly  good  when  compared  to  the  amount 
of  antibody  inducible  in  experimental  animals  (16). 
Humans  by  far  had  a  greater  degree  of  response  than 
we  have  found  for  the  most  responsive  laboratory  an¬ 
imal,  the  CsH  mouse  strain.  The  opsonic  titers  we  ob¬ 
tained  in  our  vaccinees  was  also  close  to  that  reported 
by  Young  and  Armstrong  (3)  and  Young  (4)  for  patients 
recovering  from  P.  aeruginosa  sepsis  or  immunized 
with  an  LPS  vaccine.  The  opsonophagocytosis  test  they 
used  was  very  similar  to  the  one  used  here,  except  that 
they  multiplied  their  titers  by  a  factor  of  10  to  translate 
the  0.1-ml  amount  of  serum  used  in  the  reaction  mix¬ 
ture  to  1.0  ml.  The  data  here  report  the  dilution  of  a 
0.1-ml  amount  of  serum  that  elicited  killing.  Another 
slight  difference  was  their  use  of  270%  reduction  in 
viable  organisms  as  representing  killing,  while  we  used 
290%  levels.  Taking  this  into  account,  the  phagocytic 
titers  of  12  persons  recuperating  from  P.  aeruginosa 
bacteremia  ranged  from  32  to  2,048  (our  method), 
with  8  of  these  patients  (66.7%)  having  titers  of  32- 
128.  12  of  18  (66.7%)  of  the  PS  vaccinees  receiving 
250  ag  had  titers  of  16-128.  None  of  the  immunized 
individuals  had  a  titer  of  >128,  whereas  4  of  12  of  the 
infected  patients  did.  Similarly  in  Young’s  (4)  study 
of  the  opsonic  titers  of  humans  given  monovalent  prep¬ 
arations  of  F.  aeruginosa  LPS,  opsonic  titers  of  256- 
2,048  were  obtained.  Although  these  titers  are  slightly 
higher  than  those  obtained  by  PS  vaccination,  the  dose 
of  LPS  used  was  quite  high  when  compared  to  PS  (25 
Mg/kg  LPS  vs.  an  average  of  3.5  Mg/kg  PS)  was  given 
in  five  doses  when  compared  with  the  single  dose  of 
PS.  and  was  associated  with  local  reactions  not  seen 
with  PS  immunization. 

The  influence  of  antibody  levels  of  P.  aeruginosa 
LPS  serotype  determinants  in  affecting  the  outcome 
of  F.  aeruginosa  infection  has  been  suggested  by  both 


vaccine  studies  (8,  9,  11)  and  also  by  a  study  of  the 
influence  on  survival  of  acute  phase  antibody  levels 
to  LPS  (7).  Our  studies  in  animals,  (14,  15)  indicate 
that  PS  induces  a  serotype  specific  immune  response 
against  the  LPS  "O”  side  chain  determinant.  Further 
study  is  required  to  assess  whether  the  human  immune 
response  to  PS  vaccination  also  induces  a  response  to 
LPS  specific  determinants.  The  data  here  do  indicate 
that  immunization  with  PS  leads  to  an  immune  re¬ 
sponse  in  humans,  that  the  antibody  elicited  can  func¬ 
tion  in  opsonizing  live  organisms,  and  that  PS  vacci¬ 
nation  is  associated  with  a  minimal  level  of  toxicity 
in  vaccinees. 
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TiM  Of  tho  cytotoxic  drag  vtobtaatlnc  on  the 

devdopoMOt  of  Immunity  to  high  m.w.  polyMoeharldc 
(PS)  Isolated  ffom  cultura  aupamataa  of  Paaudomonaa 
aaragtooaa  was  Invastigatad.  Ona  microgram  of  PS,  a 
normally  nonimmunoganie,  nonprotactiva  dosa,  plus  75 
^g  of  vInMasUna  wara  admlnlstarad  to  BALB/e  mica,  and 
afforded  protection  to  live  organism  challenge  with  the 
homologous  strain.  The  kinetics  and  serotype  specificity 
of  the  Immune  response  Indicated  an  active  Immunization 
had  occurred.  Andyaas  of  serum  antibody  levds  of  mica 
given  the  PS^rag  regimen  in  a  sensitive,  radioactive 
antigen^dnding  assay  (RABA)  failed  to  show  devdop- 
ment  of  antibody  to  the  Immunizing  PS.  imntunlty  could 
be  pasdvdy  trarMfarrad  wHh  spleen  cells  but  not  by 
serum  from  PS-drug-immunUad  animals,  and  the  effector 
cell  was  removed  by  antisera  to  the  Thy-1.2  antigen.  Nu/ 
nu  mice  were  dso  protected  against  challenge  after 
Inununlzatlon  with  PS  and  vinblastine,  but  this  protection 
was  obsarved  In  asaodatlon  vdth  the  devdopment  of 
serum  antibody  to  PS  In  these  mice,  as  measured  In  the 
RABA.  Protective  Immunity  could  not  be  didted  In  the 
BALB/c  mice  by  PS  plus  cyclophosphamide.  These  data 
suggest  that  undar  cartain  conditions,  PS  antigens  can 
elicit  T  cen-dependent  Immune  phenomena,  and  this  T 
celMependent  immunity  can  protect  mice  from  live  or¬ 
ganism  challenge  against  an  extracellular  bacterial  path¬ 
ogen. 


to  extracellular  baclaila  has  not  bean  extensively  explored. 
Oltfleully  In  demondraUng  a  role  for  dleotar  Tools  in  situations 
In  which  snlbodiNnedlaled  protedlon  is  so  eflloionL  probably 
accounts,  in  part  tor  the  paucity  of  data  on  the  role  of  cell- 
medlsted  Immunity  (CMO*  In  relation  to  extracellular  bacterial 
Infections.  Recent  studies  of  protection  toduced  In  mice  by 
Immunization  with  a  high  m.w.  pdysaocharide  (PS)  antigen 
Isolated  from  cultura  supematas  of  the  axtraodlular  bacterial 
pathogen.  Psoudontottas  aaruginosa  Immunotype  (IT-1)  (5). 
demonstrated  the  ability  of  this  PS  to  btouce  antibodies  that 
protect  mice  from  live  bacterial  challenge  (6,  7).  During  the 
course  of  these  protection  studies.  It  teas  disoovered  that 
BALB/c  mica  generated  a  proteedve  antibody  response  to  a 
60^  dose  of  the  IT-1  PS.  but  fsDed  to  produce  antibodies 
after  Immunization  wHh  a  amlHng  1  pg  dose  of  IT-1  PS.  Mice 
vrers  also  not  protected  from  subsequent  Mve  bacterial  chal¬ 
lenge  after  the  low  dose  hnmunlzatioa  It  was  observed,  how¬ 
ever.  that  U  BALB/e  mice  received  the  mMolie  irthlbltor  vinblas¬ 
tine  sulfsia.  at  tho  tbna  of  immunization  writh  1  pg  of  the  IT-1 
PS.  they  were  protected  against  bacterial  chalienge.  despite 
the  fact  they  sM  failed  to  produce  an  antibody  response.  The 
present  report  providas  avidance  that  Ihe  protection  against  P. 
aarvglhosa  Infedton  observed  In  BALB/e  mica  receiving  vin¬ 
blastine  plus  1  pg  of  IT-1  PS  Is  T  coll-medlaled. 

MATERIALS  ANO  METHODS 


Immune  protection  against  extraooaular  bacterial  pathogens 
has-been  wed  oorrslated  with  die  development  of  antibodies 
specific  for  antigens  present  on  bacterial  surfaces  (1).  The 
ability  of  antibodtos  to  promote  phagocytosis  and  killing  of 
extracellular  bacteria  In  w'fro  (2)  arto  the  protection  afforded  to 
nonimmune  recipients  1^  passively  transfen-ed  immune  sera 
(3)  demonstrated  the  crWeal  role  antibodies  play  In  immunity 
against  such  organi«n^''ll  has  also  been  anvply  documented 
that  killing  of  those  bactor^'  as  Ustarla  monacytogahas, 
that  live  Intracellulait^  arto  afe’biiMcessible  tb  'tt^^  of 

antibodies  Is  erWe^  deperident  bn  Ihe  function  of  effector  T 
cells  (4).  Antibody  provides  minimal  If  any  protection  against 
such  organisms  (2.  4). 

The  possibility  that  t  cells  might  also  play  a  rote  In  Immunity 
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•  TNa  porti  waa  aappartad  br  Oanbael  OMdO-ir-rsceoSO  bam  Sta  UiVlnd 
Slataa  Away  Haaaaiab  and  OaaalBpmawICBmm  and,  and  by  Oram  ALISSSS  bam 


tomamogans.  Ngh  nLw.  PS.Ironi  P.  aamobwaa  fT-l  ama  praparad  as 
pfa¥«oualydaaoribad(5).VInbleaSneaullata(VaWan)wsacb«alnadbamEII 
Uiy  wid  Ce..  bidtan^oSa,  M.  CycleplieaplMnMa  (Cytoxan)  waa  eblainad 
bamMaedaJafinsonPtiemieeaidlcelCe,Caanadia.ei. 

SselnrfB.  SbWnoefP.  ssfHpSwaa  IT  f-T  amrb  Undhr  preddad  by  Dr- M. 
Ftaliar.  Parke-DsdaCOv-OolmlL  ML 

Mtae.  ElgMwaakold  BALB/e  ndea  wara  eMabwd  bam  Cumbartand 
Vlaw  Fwma.  CSieen.  TN.  Nu/nu  and  Nu/a-  Mlannala  BALB/c  idea  wara 
obtabiad  bom  Cbaitaa  Blyar  Draadara.  WSmbipten.  MAI- 

Imoajnbadon  and  chatanga  protoaoL  Mloa  wara  (mmuntead  wIdi.Sia 
Indicelad  doaage  ot  (T-1.PB  bi  PA,nd  of  phoaprwleOullaiad  aa*w  (PBS. 
pH  7 The  PB*  iiaad^  to  be  paiiaad  Sir^  a  0»«  idiralMraSon 
maridiriina  (Ainleen’Xtom-''ftoiwatai.*Mit)  to  alnilnala  a'  laWef  'dMt  para 
nenapeoSto  protadlBn  wISi-  idnbtaaBna  Uona/Tlia  UnbiaaSnealBi-elvan  aa 
a  75^  deaa  In  0.2  iWMbaSBiiad'jPpSgCyWoptietoten^ 

Iwvd  In  0.2  nd  'iiilralBlafad.l*BS.i,v.  .4S  hr  betoia  anSgwv.^.mkw  wara 
ChBiBnoBd  Bt  •mt'liwtifvBl  Bllir  lijwMftolton 

aarvpinosa  oroaidania  bi''K'l'nii'aaSria*'tp.  tha  dwSaiioa'doaa'Ior  P. 

aarvgbioaa  ITrl ;  2.  arid  fl.waa  1 0f.  eroanlama  par  mausa;.for  f,  aantginosa 
(T-5.  6.  and  7. 10’  orpanlaina  par  mouW,  and  tor  P.-aarupto^  .lT-a.  5  k 
to*  orpanltina  par  meuaa.  The  ctiajlapbi  doaaa  wara' praparad  bam  pyar- 
rVgW  ouNuraa  graam  on  bypItoaM  alegar,  auapandad  In  aaSria.  alandard- 
izad  by  opdcal  dahally  maaaurwii^a.  at  S50  ran,  adn^alarad  aa  a 
0.1  ml  Lp.  deaa.  Oaasia  ware  racerdab  tor'SS  hr  aliar  chalanga. 

Andsata.  Murfna  aara  wara  ablalnad  da  rabaortltal  btsadtog  of  adwr- 
anaathaSaad  ardmala.  . 

Saratogto  assay.  OoneareraSona  ot  anSbedy  to  ndoragrama  pwniMliai’ 
wara  datormlnad  by  uaa  at  s  cadteaeSva  anSgarabtodtog  aaaay  (RABA)  aa 


Sw  auSwra  and  ara  eat  to  ba  aanabuad  aa  aSMal  Oapartmam  at  gw  Army 


_  — tone  wBBMw'^abdisraiMdtoA. 
pOfmOII  WWOT  HP 

*  Plaaaa  addraaa  rapitol  raauaaia  la  Or.  OarnM  Sl  Ptar.  Ohanntoo  Laboratory. 
ISO  LengwoadAw^  Beaten.  MA  021  IS.  . 


I  - .a  ^  SB^w 


p^ar:  PS.  pelraanrharblr  (T,  I— wielypa; 

aaaay;  CMLaaSmadlaladlawwrdwNBP^ 

- a^.MP,  aweraphaga  toMH- 


QEAALU  U.  HItK  AN4i  HK/tWtwj  w. 


dMCfIbad  (7.  a).  Th«  andoM  uMd  WM  fciMnalcaly  HImM  *<6  PS  prap^ad 
aa  daaerlbaci  (7.  a).  Tha  lowar  amd  of  datocHon  o(  MMmdy  In  Ma  aaaay  tor 
aiouaa  anWbodlaa  to  2  fia/niL 

Pasal¥»  Iranafar  afucHaa.  Paaalva  Iranaiar  of  aatwn  tana  dona  by  oMng 
dta  Indicalad  amounl  of  inoyaa  anItooiMn  Lp.  a  hr  batora  chaHanga  wMh 
1(P  Nva  P.  aaruglnoia  IT-i  oriaanlai^.  Paaatoa  banalar  of  aplaan  calla  i»aa 
parformad  by  Uaiwfanlna  bia  Indtoalad  numbar  of  ealto  In  0.S  ml  Hanka* 
balancad  aaN  aolulton  (HBSS.  Mtorabtotogtoal  Aaaodalaa.  Balhaada.  MO) 
«la  an  Lp.  Injacitoo.  CaRa  aiara  oMalnad  Iram  a«o  aplaana  of  antoiala  by 
paaaing  lha  Inlact  aplaana  bwough  a  wira  maah  aoraan  to  dtoparaa  *M  calla. 
lhan  ranwalng  tofga  Iraomania  by  paaaino  «M  cad  auapanaton  Ihrawof)  a 
ftmnal  tooaaly  packad  wflh  gtoaa  laoaL  7?ia  cada  in  dila  auapanaton  wara 
padalaif  by  eamrMuaallon  and  roauapandad  In  HBSS.  atobto  ead  eounto 
nara  dalanninad  by  kypan  blua  dya  awhiaton,  and  dto  cad  eonoaniralton 
waaadiuatodtelhadaalradaiaowitChadanBabfiaelplanltotoaaiaa72lir 
talar  «dft  10*  S«a  f.  p«w0*)oaa  (T.t  eada. 

'Satocltenoir»w^Koc»«i'aUbP«iipaiblto»ia.TcadaaiidBcadaa>afaaalao 
dvalyfanio»adlroni'apldan«adaiiapanatowabylneMbadonafa  x  10*  cada 
,  In  S  ml  HBSS.wi  pabl.ptatoa.oeatod;aMi.allhar  mouaa  anl1>Diy-1.2  aara. 
rabbit  andaara  to  niotiaalnanuyBlobu|to^.AoeMriilaOliamlcaf  Op..  Htefca- 
vaia,  NY),  dr  nprm^.  mbtM'aanim  iDNM^.fpr  dS'ndn  at  4*C  (0).  Tlia 
nonadhairoiil  cada  wara  ramovad,  wafa  padalad  by  earrtrttiioalton,  and  wara 
rasuspandad  In  lha'vciunia  of  HBSS  dial  pava  2  x  10’  cada  balora  ttia 
daplotion  alap. 

Dttarmlnatlon  6l  alWcacy  of  fyippftocyfa  aiibpopulalfM  aaparaltona.  Altar 
dapiallon  of  allhar  T  cads  or  B  cada,  an  adquot  of  lha  cad  auapanaton  waa 
lakan  and  lha  cada  wara  padalad  by  cantrltogaHon  artd  raauapandad  In 
RPM1 1640  madkim  oontolnino  HEPES"  buffer,  t-glutomlna,  panlcdlln,  and 
atraptomycin.  Tha  voluma  waa  choaan  to  giva  1 0’ cada/ml  balora  dapiallon. 
Than.  100  pi  (10*  cada)  of  Ihia  cad  auapanaton  wara  placad  Into  round- 
bowomadmlcrolllarwadaandlhafedowlnflmllooanawaraaddadlolrlpdcala 
culluraa:  phytohamaoolulinln  (PHA),  2  po/ml;  concanavaDn  A  (Con  A).  0.2 
pg/ml;  and  dpopolyaaocfiarlda  (LPSX  S.0po/ad.  horn  EacfiaricMa  cod  0:26 
(Ollco  Laboralorlaa,  OalroH.  MO.  Culluraa  ware  than  aaaayad  tor  mHogardc 
aHmutatton  aa  daacrlb^  (6). 

StaUsttoa.  P  valuaa  lor  aurvival  bom  d«o  cad  chadanpa  wara  calcutolad 
by  a  Hahar  Exact  TaxL  P  nahiaa  tor  dMIaranoaa  In  pra*  and  poat-lmmunl- 
uMon  aarum  andbody  lavala  «mra  calcutolad  by  a  MaaL 


RESULTS 

Protection  of  BALB/c  mice  by  immunization  arith  IT-1  PS 
plus  vinblastina.  Groups  of  10  miCB  war*  Immunized  with  either 
1  fig  of  rr*1  PS  plus  75  pg  vinblastine.  1  pg  of  (T*1  PS  alone, 
75  pg  of  vinblastine  alone,  or  uHrafWered  PBS.  and  were 
challenged  7  days  later  with  10*  live  P.  aeruginosa  (T*1  cells 
l.p.  The  data  (Table  1)  show  that  the  mice  given  1  pg  IT-1  PS 
l.p.  plus  75/ig  vinblastine  l.v.  (within  5  min  of  each  other)  were 
signiricantl)r  (p  <  0.001,  Fisher  Exact  TesO  protected  from 
challenge  nvith  live  P.  aeruginosa  IT-1  cells.  No  protection  was 
evident  among  mice  given  the  PS  or  dnig  alone,  or  mice  given 
PBS. 

tmmunotype  specificity  of  PS  plus  }/lnblastine-Muced  pro¬ 
tection.  To  determine  if  the  protection  observed  was  speciric, 
four  groups  of  70  mice  each  were  immunized  with  either  1  pg 
of  the  rr-1  PS  plus  75  pg  of  vfnblastino,  1  pg  of  the  IT-1  PS 
only,  75  (ig  of  vinbiMtine  only,  or  PBS.  Within  each  group  of 
70,  subgroups  of  id  mice  iwere  chaHengod  7  days  later  with 
the  Indicated  doses  of  Nve  P.  aeruginosa  cells  from  each  of  the 
seven  Rsher  immunotypes.  Protection  was  only  seen  against 
challenge  with  the  homologous  (T-1  strain  of  P.  aeruginosa  In 
the  mice  immunized  with  1  /tg  IT-1  PS  plus  75  ftg  of  vinblastine 

table  I 

Prot^tfon  of  BALBfc  to  Hvo  orgmntim  ehoMongo  •tif  yomuniftkjn  with 


high  m.w.  PS  from  P.  ^otvginoso  ff-f  sotf 


Oom 

pmOdpsm 

9k0fiOm 

won 

•••  Wv* 

F  VslMt 

Hlebffl.w.PSplusVIn- 

PO 

1 

10* 

8 

so 

<0.001 

Maallna 

HIgb  m.w.  PS 

75 

1 

10 

0 

0 

VtnHasdna 

76 

10 

2 

20 

0.24 

PBS 

10 

0 

0 

*  Th«M  mieo  btotf  tor  Mrvm  toAlbodf  thidto*  In  Tabto  VI. 


(Table  ID.  Indicating  the  aerotype  specHIcity  of  the  Immunity 
elicited. 

Kinetics  of  induction  of  protecOue  Immunity.  Kinetics  of  the 
Immunity  Induced  by  Immunization  with  the  PS-drug  protocol 
was  then  examined.  Five  days  after  Immunization,  40«  protec¬ 
tion  was  noted  (Table  Ml),  which  Increased  to  100%  by  the  sixth 
day  after  Immunization.  The  protective'level  fell  to  40%  by  day 
1 7  post-lmmunizalior).  Attempts  to  boost  the  duration  of  Im¬ 
mune  protection  by  giving  three  doses  of  the  PS-drug  regimec 
at  7-day  Intervals  Indicated  80  to  1(X)%  protection  35  days 
after  the  last  ln|ectlon  aable  IV).  The  Immunity  began  to  wane 
after  this  lime,  but  significant  preteetion  was  sM  observed  49 
days  after  tha  flnal  dose '(Ta6le  (VJ.  .  -  >  ■ 

The  effect  of  varying  1h;d' time  Interval  between  PS  Immunl- 
zatfon  and  vinblastine  adMnMratloh  was  next  studied.  Vin¬ 
blastine  glvm  from  72  hr  before'unlil  8  hr  after  PS  was  effective 
In  eliciting  ^tacUon  from  live  organism  chaUen^^  (Table  V). 


TABLE  a 

S«nMyp«UMC/Acayorpra(ac<kM*ficM«rtoaALS/cm>c«sk«n  lyerT-f  high 
_ nw.PS  phn  TS  pg  toitoMane 


SdfOtypBOf 

ChBtono* 

Strain 

rs-d-vh 

VIn  Only 

notPr 

PftSOfto 

^ValwaPS 
♦  VIn  ¥• 
^BSonfy 

IT-1 

10*/10 

0/10 

1/10 

0/10 

<0.001 

IT-2 

2/10 

1/10 

0/10 

0/10 

0.24 

ir-s 

2/10 

2/10 

1/10 

0/10 

0.24 

fr-4 

0/10 

1/10 

1/10 

0/10 

1.0 

IT-S 

0/10 

0/10 

0/10 

0/10 

1.0 

(r< 

0/10 

0/10 

t/10 

0/10 

1.0 

IT-T 

1/10 

0/10 

0/10 

0/10 

0.S 

*RS.  Mg<im.w.  polyMoebwtitolromir-l  R.  tmglneu:  Vto.  Wnbtoxhw. 
•(topfMnU  numbar  turvKer*  ewar  total  ehadansaS.  Mloa  bnnHinlzad  wtiti 
a-  VIn  and  cbalanead  wWi  IT-I  eada  wars  blad  lor  aanm  andbody  study  In 
TablaVI. 


TABLE  m 

XtoabcsororolscltonoraALS/emtoaaltarinmmlnltonwAr)  tiolT-thigh 
_ _ m.w.  RSnndTSiwWnblMlIna 


Oaribn* 

bnwMnlCMwMi 

FV^ 

FS4>yinvaFeS 

ftasaan  Inw 
KwriKatlon 

tfttf  Chai' 
lanpa 

FS*  ♦  VW 

VMotor 

rSaNy 

FBSoiVy 

24 

3*/10 

1/10 

0/10 

0/10 

0.105 

21 

S/10 

1/10 

0/10 

0/10 

0.016 

IT 

4/10 

0/10 

0/10 

0/10 

0.043 

14 

a/10 

0/10 

1/10 

0/10 

<0.001 

fO 

0/10 

0/10 

1/10 

0/10 

<0.001 

7 

W/IO 

1/10 

1/10 

0/10 

<0.001 

e 

10/10 

1/10 

0/10 

0/10 

<0.001 

s 

4/10 

0/10 

1/10 

0/10 

0.043 

4 

0/10 

0/10 

0/10 

0/10 

1.0 

3 

0/10 

1/10 

1/10 

0/10 

1.0 

2 

0/10 

0/10 

0/10 

0/10 

1.0 

0/10 

1/10 

0/10 

0/10 

1.0 

*  PS.  Ngb  m-w.  polysaochailds  Irom  IT-I  R.  aarujtodK  VIn.  vinblasllna. 

*  Numbar  sundMva  evsr  totol  erwdsnead. 

*  Tliaaa  mica  blad  lor  ssnim  andbody  dalarmlnaaona  In  Tabts  VL 


TABLE  IV 


I<icr»a3»  m  durmtlon  of  Immunity  In  BALB/e  mica  ghmn  3  Soft  ot  f  pQ  tT-f  PS 
tMut  rs  pQ  tinhftttlno  mt  T.dty  intorrmis 


Oar*  a*fw 

mm 

F  Valua,  FS 

Flnaf  »yec 

Horn 

FS  ♦  Wv 

VIn  only 

FS  orVy 

FOSotVy 

♦  Wd  eg 

PBS 

17 

lO-ZIO 

1/10 

0/10 

0/10 

0.001 

49 

4/10 

0/10 

1/10 

0/10 

0.043 

45 

e/10 

42 

6/10 

35 

10/10 

3f 

10/10 

24 

s/10 

21 

10/10 

•  Numbar  at  sundoors  ovar  total  obadansad.  Mloa  ebadangad  1 7  days  anw 
Iba  dtwl  InlacNan  wars  Mad  tor  asnim  andbody  dataimdiattona  In  Tabla  VI. 
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had  ta%  ol  the  PHA  raaponalvanaM.  and  12%  of  tha’Con  A 
rasponsivenass  of  NMS  traatad  can  populations,  whOa  rataMng 
04%  of  ttialr  LP8  raaponalvanass  aabla  IX).  AntMo-daplalad 
'  eaV  populalions  ratalnad  66%  of  thair  PHA  and  64%  of  thair 
Con  A  rasponsa,  whila  lha  LPS-Inducad  mHoganasis  was  ra* 
ducad  to  19%  of  NMS  treatad  controls. 

Pmtoetkm  ki  nu/nu  BALB/c  mic9.  Wa  than  lookad  at  tha 
abWty  of  1  pg  of  IT*1  PS  plus  75  pg  of  vinblastina  to  protact 
nu/nu  and  nu/4-  Wtarnwta  control  mica  from  Hva  orgaidsm 
ctMUanga  7  days  attar  Immunization.  As  axpactad.  natthar  nu/ 
nuornuZ-f  mioa.wara protactad  attar adosaof  1  pg IT<d  PS 
alona  or  7$  pg  of  vlnblaatlna  alona  CTaM  X).  Unaxpaetadly. 
nu/nu  inloa  wara  protactad  from  Hva  cal  chal^nga  attar  1  pg 
of  IT>1  PS  plus  -7S  pg  of  vinblastina.  as  wara  tlw  control  nu/ 

iplco.  Ho«vavar,.whan  sarum  antibody  lavals  (dKfaranea  In 
post  and  pralmmunlzation  lavals)  of  thasa  mica  vmra  maasursfl 
In  tha  RABA.  tha  nu/nu  mica  .that  racalvad  the  PS-drug  Im¬ 
munization  raglman  wars  found  to  hava  a  significant  (p  <  0.05) 
Incraasa  In  sanim  anttbody  lavals  to  lha  IT-I  PS,  wharaas  the 
nu/4-  mica,  slmllarty  Immunized,  lacked  detactabla  antibody 
(Tabla  X).  The  antibody  lavals  found  In  tha  nu/nu  mica  given 
lha  PS-drug  immunfzafion  regimen  ware  slightly  higher  than 
lha  antibody  lavals  measured  In  the  serum  of  nu/nu  and  nu/ 
■f  mica  gfvan  an  kiununoganlc  50-pg  dose  of  tha  IT-1  PS. 
These  rlata  also  showed  that  a  rasponsa  to  tha  SOpg  riosa  of 
IT-1  PS  could  be  ganaratad  In  tha  absence  of  halparT  cans. 

AbOity  to  Induce  protective  hnmunity  with  IT-1  PSpk/seydo- 
phosphemide.  Other  investigators  (11)  damonstratad  tha  sitHIty 
of  another  Immunopharmacologfc  agent,  cydophosphamfda, 
to  promote  tha  development  of  CMI.  To  determine  If  the  affects 
wa  observed  with  vinblastina  could  be  dupffcatad  by  cyclo- 
phosphatnlde  treatment,  wa  immunized  BALB/c  ndee  with  a 
wide  range  of  doses  of  cyclophosphamide  48  hr  before  im¬ 
munization  with  1  pg  IT-1  PS.  Wa  were  unabla  to  obtain 
protection  to  liva  organism  challanga  7  days  attar  tha  PS 
immunization  at  any  of  tha  doses  of  cydophosphamlda  (Table 
XI).  Thus,  cyclophosphamida,  over  a  wide  dose  range,  was 
unabla  to  dupilcata  (ha  phenomenon  observed  with  vlnblasttna, 
even  though  (ha  conditions  of  cyclophosphamide  admlnistra- 


TABCjE  IX 

AbIStf  oHfiWtn  etS  mit)pop<Mllon$  ra  pasUifUir  mmltr  kimtunllr  whtn  Uktit 
eommlotshimf  1  pg  IT-HVgr>  m.».  PS  wW  TS  pe  UtMUHnt _ 


C«n  A 

frOTB 

immf- 

CUpIlRtt 

■■MWCOIV- 

Irol 

NMS 

ITX 

14.3 

s.e 

s/10 

<0.001 

Ana-Riy-1-2 

1.4 

1.7 

sx 

3/10 

0.24 

AiMMg 

11.4 

12.2 

1.8 

8/10 

<0.001 

itonwiwiiunffi  Wffiffi 

18.1 

12,2 

10.1 

0/10 

{eentroO 


'Ortglmar  3  x  to' calif  ki 3  nV  war*  placad  an  plalaa.  Anar  raaowaty  eata 
raiuapfndfd  In  1.S  ml  H6SS  and  O.S  ml  gNan  to  radolanl  mioa. 

*n>  _  _  CPM, mnopaivallnuAilad cMIuraa 

SUtamuitltonlndax.  cPM.  unaSmulatod  oiltoraa  ’ 


TABIX  X 


AMMyor  I  fO  high  m.w.  PS  plua  73  gO  UnUnUna  to  aSdl  ptataclAa  htmunUy 
In  nw/nu  and  nu/*  OALe/c  mfca 


ffiw/nu 

IbMe* 

WIM 

so re  >*8 

svs 

I8.S  8  3.8 

8*/8 

31.2  8  6.3 

1  gOPS*  TSggVIn 

4/8 

23.4  8  8.1 

4/8 

<3.0 

Iren 

1/3 

<2.0 

0/8 

<2.0 

TSrevm 

0/S 

<3.0  . 

0/3 

<2.0 

aes 

0/8 

<2.0 

0/S 

<2.0 

*pa/ml  antibody  la«al  daWrmlnad  In  RASA  aaaay. 

*  ttopraaanlf  numbat  aunlyorf  ovar  total  ctiaMangad. 


TAaue  n 

...am..w>,.a..a...a— M.  -i-  .  py  «■_.  -y- - “*frlmfltrt  >IWailt|  H 

_ aAta/caffcatoAempinallnaatoimnia _ 

ttfii  InaAafiiiaCVfliatMiaainrif  _!*^*T***.  avta*  «f.aMCan- 


OOtraSoonlroo  0/10 

0.4  a/to  0J4 

1-0  0/10  %j0 

ZX  0/10  IjO 

ajo  a/10  0X4 

40  o/te  IJO 

6jO  0/10  IJO 

_ P8a«ly(1|0  0/10  _ to _ 

*Clf«tepltoapriamldf  admlnlatorad  tv.  als  aw  toi  vain  In  OX  ad  ntowiaarad 
PBS  4S  hr  batoro  a  1  go  Lpu  eoaa  or  Mon  auA  at  In  ax  ad  vMBarad  pea. 


tkm  were  Identical  to  those  found  to  promote  tha  davalopmant 
of  CMI  to  daOular  or  protein  iiMgans  In  other  atudlas  (1 1). 


DISCUSSION 

Tha  role  of  T  can-madlatad  immunity  (0  Infectious  organisms 
is  thought  to  be  generally  diractad  toward  infraoattutar  facul- 
tativa  parasites  (4).  Reports  on  the  abUty  of  aetivatad  macro¬ 
phages  to  kin  Staphylococcus  aureus  (12)  and  Sirayiloooocus 
pneumoniae  (13).  as  waU  as  a  rola  lor  T  esR-dapandant  im¬ 
munity  In  prayanllng  abscess  formation  caused  by  SaeferoWas 
fragOs  (14),  miggestad  axtracoOular  bactartal  pathogens  can 
be  kitted  by  eaSular  immuna  maehanlsms.  Efforts  to  demon- 
sfrata  tha  Importance  of  T  In  protaetton  from  extracellular 

bacterial  pathogens  hava  bean  hamparad  by  the  efficiency  of 
antibody-madiatad  effector  macharitoms  for  pioloctton  against 
these  organisms.  In  (ha  studies  reported  hare,  wa  ware  abis  to 
Induce  specific  protection  against  tha  axtraeafiular  bacterial 
pathogen,  P.  eenjgkiose,  IT-I,  without  sfimulating  antibody 
production.  The  protection  observed  rxMild  be  adopHvaly  irans- 
lerrad  with  Immuna  spleen  ceHs  but  not  with  aanim  from  PS- 
vinblastine-lmmunlzad  mice,  and  the  affeelor  oatts  ware  re¬ 
moved  from  immuna  spleen  can  poputafions  by  aniisara  di¬ 
rected  at  the  Thy-1.2  antigan  prassnt  on  T  lymphocytas.  Fur¬ 
ther  information  In  nu/nu  mica  ragaiding  the  Importance  of  T 
cetls  in  the  protection  Induced  wflh  IT-1  PS  plus  vinblastins 
was  Impossibis  to  obtain  because  this  immunization  protocol 
allowed  the  development  of  antibody  In  these  T  cefi-^ficiant 
mice.  The  reasons  for  this  ara  undaar.  but  tha  data  suggests 
that  vinblastine  relieves  suppression  in  a  innvT  ceH  subpopu¬ 
lation  of  immunoreguiatory  cells.  Nonathatass,  It  appears  that 
a  T  cell-dependent  Immuna  effector  mechanism  can  protect 
mice  from  live  P.  aeruginosa  cett  chaNenga  following  an  appro¬ 
priate  immunization  protocol.  However,  these  data  do  not  In- 
dicate  what  the  specific  T  call-depandent  affaetor  maehanlsms 
are. 

Because  polysaccharide  antigens  are  thought  to  be  poor 
inducers  of  CMI,  there  was  the  possibility  that «  protein  con¬ 
taminant  of  the  (T-1  PS  preparation  was  responsible  for  the 
immunity  elicited.  Analyses  of  the  oompositien  of  the  (T-1  PS 
preparation  does  not  support  this  possibility.  Protein  contami¬ 
nation  of  the  IT-1  PS  preparation  Is  low  (IM  than  1.0%)  (S). 
Indicating  that  any  active  protein  contaminant  would  need  to 
be  effective  at  a  dose  of  less  than  0.01  pg.  The  serotype 
specificity  of  the  protection  would  necessitate  that  a  protein 
contaminant  have  a  one  to  one  association  with  the  serotype 
determinant  present  on  the  PS  atxf  LPS  of  P.  aeruginosa,  a 
highly  unlikely  possibility.  Furthermore,  tha  maior  outer  mem¬ 
brane  proteins  from  strains  of  P.  aeruginosa  (which  would  be 
the  most  likely  protein  contaminants)  ara  highly  conserved 
among  the  seven  Fisher  strains  used  hare  (15).  Wa  have  also 
recently  tested  (unpublished  observation)  the  ability  of  perfo- 
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wrhBii  translprrpd  to  a  radpiant  mousa,  wara  affactiva  in  pro¬ 
viding  protaction  to  Iva  ooM  chaNanga  72  hr  altar  adoptiva  caii 
transfar.  No  paaaiva  protaction  was  notad  whan  up  to  10*  cails 
takan  from  nonfaiwnuna  animats  or  animats  givan  olther  1  ^  IT- 
PS  alona  or  7S  pg  vtnbtastina  atona.  wara  Iranstarrad  to  ractp- 
iants.  No  dalactabta  antitxidy.  as  maasurad  in  tha  RASA,  was 
iound  in  tha  adoptivaly  transfarrad  raciplant  mica  3  hr  bafore 
chaltanga  (data  not  shown). 

kionUty  of  the  effector  cell  trensfarring  immunity.  Immune 
spiaan  call  populations  ware  salactivaly  dapiatad  o(  lympho- 
cytas  bearing  aNhor  the  Thy-1^  datarmlnant  or  eutfaca  Ig  by 
traatment  of  4*C  on  paiff  glides  coated  with  oNhar  mouse  antl- 
'Thy-1.2.  rabbit  anthmouse  Ig.  or  NMS  (9).  The  selected  pop¬ 
ulations  were  than  transfarred  to  nonimmune  recipient  mice 
that  were  challanged  72  hr  later  with  Ova  P.  aeruginose  (T-1 
cells.  Tha  results  (Tabla  DO  indicated  that  tha  effector  cell 
iranstarring  Immunity  was  removed  by  antisera  directed  at  the 
Thy-1.2  determinant  and  not  by  antisera  directed  at  the  Ig 
determinants.  Tasting  of  these  call  populations  for  mitogenic 
stimulation  by  the  T  cell  mitogens  PHA  and  Con  A.  and  the  B 
cell  mitogen.  LPS.  showed  the  anll-Thy-1 .2-treatad  cells  only 

TABLE  vs 

Pnttl^npnMellenelnilennllnrlnntlirelmounmnimnltndlanlthnrSOM 
IT~I  PS.  tfQft-l  PSplut  TSfOoInblntenn,  1 M  rr-t  AS  an4r,  75  m 
lAnblntllnn  only  nr  nonnni  ntouoo  note  (NUSi 


Vinblastine  given  96  hr  before  PS  immunization,  or  24  hr  or 
more  after  PS.  failad  to  ItKfuca  protection. 

ftwotvement  of  eetvm  factors  in  PS-vinblestine-induced  im¬ 
munity.  To  understand  the  basis  for  the  apparent  immunity, 
serum  samples  taken  from  sonie  of  the  mice  in  the  above 
experiments  (Tables  l-V)  3  hr  before  challenge  were  analyzed 
(or  serum  antibody  to  (T-1  PS  In  the  RA8A.  The  groups  of  mice 
tested  are  denoted  by  footnotes  in  Tables  l-V.  Positive  controls 
for  this  test  were  sera  obtained  from  BALB/c  mice  Immunized 
with  a  SO-pg  dose  of  (T-l  PS.  which  is  known  to  stimulate 
antibody  formation.  Table  VI  shows  that  In  none  of  SO  mice 
given  1  pg  (T-1  PS  phis  75  pg  of  vinblastine  was  there  any 
evidence  (or  an  Inoroaae  hi  serum  antibody  levels.  Mice  Im¬ 
munized  with  50  pg  of  the  IT-1  PS  alone,  however,  showed 
good  serum  antib^y  rises. 

To  ascertain  H  another  serum  (actor,  not  measurable  In  the 
RABA.  was  the  responsible  protective  entity,  we  transferred 
senmi  from  mloe  lmm^mized  7  days  previously  with  etther  1  pg 
IT-1  PS  alone.  60'pg  iT-1  PS  aloiie.  1  pg  IT-1  PS  plus  75  pg 
vinblastihe.  75  pg  <vlnblastlne  only.' or  NMS  to  nonimmune 
redple^  Mice  wim  then  challenged  3  hr  after  passive  trans¬ 
fer  of  serum  with  aboutTO*  live  P.  eeruginose  IT-1  cells.' Only 
mice  given  0.25  ml  of  . serum  from  the  group  Immunized- with 
(he  Immunogenic  50-pg  dose  of  IT-1  PS  were  protected  from 
live  organism  challenge  (Table  VIO.'Up  to  0.6  ml  of  the  other 
sera  were  not  effective  In  transferring  Immunity;  Above  the  0.6- 
ml  serum  amount,  all  of  the  sera.  Including  NMS,  had  protective 
efficacy.  This  phenomenon  has  been  noted  in  passive  transfer 
of  nonimmune  aera  to  recipient  mice  challenged  with  other 
OraiiMtegatlve  ofoehtoms  (10). 

Aofs  oUmmuneapleen  cells  kt  trensfening  PS-drug-induced 
Immunity.  Because  serum  factors  did  hot  appear  to  be  Involved 
in  the- Immunity  eHelted  by  the  PS^rlnblastlne  oomblnatlon,  we 
looked  at  the  abMty  of  spleen  cells  to  transfer  ImmunIty.'Table 
VMI  shows  that  10*  oslls  from  mice  given  the  PS^drug  regimen. 
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dale  40  destroy  the  ioMnunogenic  activity  o(  IT>1  PS.  and  found 

that  periodate  treated  IT*1  PS  Is  not  effective  In  eliciting  Im- 

atunlty  In  con|unctlon  with  vinblastine.  FictaNy.  the  Inability  of 

cydophosphamide,  a  drug  known  to  enhartce  T  cell  immune 

responses  to  protein  antigens  (1 1),  to  reproduce  the  effects  of 

vinblastine  further  argues  against  a  critical  role  for  a  protein 

contaminant. 

The  role  of  vinblastine  in  augmenting  the  establishment  of 
PS-Induced  T  cell-mediated  Immunity  is  unclear.  Cydophos- 
phamlde-sensltive  T  suppressor  cells  have  been  shown  to  be 
responsible  for  Interfering  with  the  development  of  delayed- 
lypa  hypersenaltivfly  reactions  to  sheep  red  blood  cells  (1 1 . 
16).  The  lack  of  protection  elicited  by  cydophosphamide  plus 
PS  suggests  a  different  cell,  other  than  eydophosphamide- 
sensltive  T  suppressors.  Is  affected  by  vinblastine.  Kappler  and 
Hoffman  (1 7)  have  shown  that  vfnblasfine  can  block  the  pro¬ 
duction  of  antibody  by  Interfering  with  the  division  of  8  cells. 
Also,  when  vinblastine  Is  administered  at  the  proper  time.  It 
does  not  block  the  division  of  T  cells  that  give  rise  to  helper 
cell  functions  (1 7).  It  Is  possible  that  by  Interfering  with  8  cell 
division  and  augmenting  T  cell  responses  vinblastine  allows 
8AL8/C  mice  to  develop  Immunity  to  the  rtormally  nonlmmu- 
rtogenlc  f-fig  dose  of  IT-1  PS.  Artother  possibility  is  that  the 
vinblastine  aifects  a  macrophage  regulatory  can.  GorczynskI 
(18)  identified  distinct  macrophage  subpopulatlorw  that  are 
invdved  In  regulating  antibody  aiKf  CMI  resportaes.  and  this 
latter  cell  may  be  affeded  by  the  vinblastine.  Because  vinblas¬ 
tine  exerts  Its  effects  by  kiterfarirtg  with  RNA  synthesis  (19).  It 
could  potentially  affect  nondividing  oaOs  Hke  macrophages  by 
Interfering  with  protein  synthesis  needed  to  suppress  the  de¬ 
velopment  of  Immunity.  Another  poaaIbWty  is  that  the  vinblas¬ 
tine  acta  by  directly  stimulating  the  effector  T  celis,  which  are 
reactive  to  the  IT-1  PS  antigen.  Although  tNs  explanation 
seems  unlikely,  K  is  not  excluded  by  the  present  study. 

These  data  indicate  that  the  traditional  concepts  about  Im¬ 
munity  to  extracellular  bacterial  palhogerw  need  to  be  broad¬ 
ened.  We  demonstrated  the  ability  of  T  ceils.  In  the  absence  of 
antibody,  to  mediate  protective  Immunity  In  mice  to  live  organ¬ 
ism  challenge  with  P.  aeruginosa  (T-t.  Our  production  of  an 
l.p.  Infection  In  mice  should  not  be  odnsiderad  to  be  a  model  of 
natural  infection  caused  by  P.  aeruginosa  In  the  compromised 
host  The  role  of  CMI  In  protection  against  P.  aeruginosa  in 
natural  infections  Is  unclear.  Reynolds  ef  a/.  (20)  demonstrated 
the  release  of  macrophage  inhibition  (actor  (MIF)  from  respi¬ 
ratory  celt  cultures  of  rabbits  Immunized  with  LPS  from  P. 
aeruginosa  IT-2  when  the  cell  cultures  were  challenged  with 
nontoxic  amounts  of  LPS.  Antigen  stimulated  lymphocytes 
from  spleens  of  Immunized  rabbits  likewise  produced  MIF  when 
cultured  with  nonimmune  macrophages  as  Indicator  cells.  How¬ 
ever.  this  ability  to  produce  MIF  was  transient  and.  In  another 
study.  Reynolds  (21 )  showed  that  in  apKe  of  MIF  production.  In 
vitro  cuttured  alveolar  macrophages  (forh  Immune  animals  were 
not  capable  of  enhanced  phagocytosis  arxl  Intracellular  killing 
of  P.  aeruginosa.  Harvalh  ef  a/.  (22).' using  a  granulocytopenic 
dog  as  a  model  lor  P.  aeruginosa  Infections,  showed  that 
animals  actively  Immunized  with  LPS  had  better  survival  rates 
than  unImmunIzed  animals.  However,  passive  transfer  of  Im¬ 
mune  sera  did  not  protect  recipient  animats  despite  high  levels 
of  circulating  antibody,  suggesting  that  In  the  actively  immu¬ 
nized  dogs  a  cell-mediated  Immune  mechanism  was  needed 


for  full  protection.  Antibody-mediated  opaonophagocytosis  of 
P.  aeruginosa  is  thought  to  be  the  maior  Immurte  protective 
mechanism  against  P.  aeruginosa  Mectton  (23).  However,  the 
existence  of  clinical  circumstances  In  which  P.  aeruginosa 
Infections  persist,  despite  high  levels  of  specific  antibody,  as 
seen  in  cystic  fibrosis  patients  (24).  dictates  a  need  for  further 
study  oi  the  Importance  of  T  ceti-medlated  Immurtity  to  P. 
aeruginosa. 
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High-molecular-weight  polysaccharide  from  PsettJortumas  aeruginosu  immu- 
notypcs  I  and  2  gave  cross-protection  in  outbred  CD-I  mice  challenged  with  the 
heterologous  immunotype  organism.  Both  active  immunization  with  50  pig  of 
polysaccharide,  as  well  as  passive  transfer  of  immune  serum  were  effective.  The 
basis  for  this  cross-protection  is  the  ability  of  high  doses  of  polysaccharide  to 
induce  antibody  formation  to  both  homologous  and  heterologous  immunotype 
determinants. 


Previous  studies  have  shown  that  high-molec¬ 
ular-weight  polysaccharide  (PS)-type  antigen 
can  be  isolated  from  cultural  supernates  or  from 
the  extracellular  slime  of  PseitdoinoiKis  aerugin¬ 
osa  Fisher  immunotypes  I  (IT-I)  and  2  (IT-2) 
(11.  12).  PS  antigen  appears  to  be  a  nontoxic, 
immunogenic  form  of  the  lipopolysaccharide 
(LPS)  immunotype  determinant.  The  PS  anti¬ 
gens  are  composed  principally  of  carbohydrates, 
with  a  molecular  w-eight  in  the  range  of  1 .5  x  10' 
to  2.5  X  lO'.  They  arc  nonpyrogenic  in  rabbits 
and  nontoxic  in  mice  (II.  12).  PS  antigen  pro¬ 
tects  mice  challenged  with  live  organism  7  days 
after  immunization  with  a  single  dose  (10.  11). 

It  has  also  been  shown  that  the  PS  antigens 
from  IT-1  or  IT-2  /’.  acniginosa  are  cross¬ 
reactive  with  the  respectise  O  side  chain  PS  of 
their  lipopolysaccharide  (LI’Si  (l(l-12l.  O  side 
chains  contain  the  immunoty  pc-specitic  serolog¬ 
ical  determinant  for  these  strains  of  P.  aerugino¬ 
sa  (1-3.  7,  8).  To  determine  whether  the  protec¬ 
tive  immunity  induced  by  PS  antigens  was  based 
upon  the  immunoiN pe-specific  determinant 
shared  between  PS  and  LI’S  or  whether  the  PS 
antigens  showed  crosv  inununoty pe  protection, 
we  examined  the  ahilm  ot  I’S  antigens  from  /’. 
aeruginosa  I  f- 1  and  IT-2  to  protect  mice  chal¬ 
lenged  with  the  live,  heterologous  organism.  In 
addition,  immune  respoiiYCs  of  rabbits  and  in- 
bred  mice  to  these  two  I’.S  antigens  was  deter¬ 
mined.  Finally .  the  iibilily  of  intact  LP.S  antigens 
to  protect  nitce  against  homologous  and  heter¬ 
ologous  strain  challenge  was  also  studied  to 
compare  the  immuni/.ing  efficacy  of  PS  and  LPS 
antigens  from  /'.  aeruginosa. 

M.A  I  ERIAIdi  AM)  METHODS 

Bacterial  strains.  aerauinosa  IT-I.  IT-2,  and  IT-4 
strains  were  used  as  previously  described  (5.  8,  10), 

Antigens.  High-moleeulur-weighi  PS  and  LPS  were 
prepared  as  previously  described  I9.  It.  12) 


Antisera.  Rabbit  antisera  employed  in  serological 
assays  and  passive  protective  studies  were  prepared  as 
previously  described  (II.  12).  Murine  antisera  were 
obtained  by  retroorbital  bleeding  of  ether-anesthetized 
mice  S  to  7  days  after  intraperitoneal  immunization 
with  a  single  dose  of  antigen  in  0.5  ml  of  saline. 

Adsorption  of  antisera.  Antisera  w  ere  adsorbed  with 
the  homologous  or  heterologous  immunotype  orga¬ 
nism.  Organisms  used  for  adsorptions  were  grown  in 
tryptic  soy  broth  for  24  h.  recovered  by  centrifugation, 
and  killed  by  suspension  in  phosphate-buffered  saline 
containing  1%  Formalin  for  24  h  at  room  temperature. 
The  organisms  were  washed  three  times  with  water 
and  then  lyophilized  before  their  use  as  adsorbing 
antigens.  Adsorptions  with  lyophilized  cells  (final  con¬ 
centration.  10  mg/ml  of  serum)  were  carried  out  at  4“C 
for  24  h  with  mixing. 

Animal  studies,  (lutbred  CD-I  mice  were  obtained 
from  Charles  River  Breeding  Laboratories.  Inc..  Wil¬ 
mington.  Mass.  Inbred  C.'H'ANK  and  B.ALB/c  mice 
were  obtained  from  Cumberland  \  lew  Farms.  Clinton. 
Tenn.  Animal  studies  for  immunization-challenge  ex¬ 
periments  of  active  and  passive  protection  were  as 
previously  described  (10.  ID.  The  challenge  doses 
used  here  were  chosen  to  routineU  kill  90  to  KHI'/r  of 
unimmunized  mice. 

Serological  methods,  fhe  measurement  of  serum 
antibody  levels  to  IT  I  and  11-2  were  performed  in  a 
radioactivc-antigen-binding  assay  as  described  by  Farr 
(4).  The  antigen  used  in  these  assays  was  intrinsically 
labeled  ‘■'C-PS.  which  was  prepared  from  lT-1  and  IT- 
2  organisms  as  follows.  .A  2-lner  volume  of  Davis 
minimal  media  iDifeo  Laboraloiies.  Detroit,  Mich.) 
containing  sodium  acetate  instead  of  glucose  us  the 
carbon  source  was  inoculated  with  growth  from  a 
tryptic  soy  agar  culture  of  cither  the  I  l  -t  or  the  IT-2 
organisms.  To  Ibis  medium  was  added  20  mCi  of 
|'’C)sodium  acetate.  The  organisms  were  grown  at 
37°C  with  stirring  for  4K  h.  The  culture  was  ccnlrifuged 
to  remove  the  organisms  and  the  supernates  concen¬ 
trated  to  a  volume  of  50  ml  on  an  .Amicon  ullrafiltra- 
tion  TCF  apparatus  (Amicon  Corp..  Danvers,  Mass.) 
utilizing  PM  3(1  membranes  Crude  P.S  antigen  was 
precipitated  from  the  concentrate  by  the  addition  of 
alcohol  (809f  vol/vol).  and  preparation  of  PS  continued 
as  previously  described  (9,  11)  Specific  activities  for 
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TABLE  1.  Ability  of  immunization  with  IT-1  and  IT-;  I’S  antigens  to  afford  protection  in  mice  to  challenge 

with  live  P.  aeruni/Kua  IT-1  and  IT-2 


Immunogen 


IT  !  PS 


lT-2  PS 


Saline 


Challenge  Survivors/lutal  challenged'' 

Amt  l|ig)  - -  - - - 


Organism 

No  <  K  1(1”) 

E\pi  \ 

Expt  2 

Expt  3 

t 

IT-I 

3.2 

010 

1/tO 

l/to 

to 

.VIO 

4/10 

1/10 

50 

9/tO 

10/10 

10/10 

1 

lT-2 

3.8 

o/to 

o/to 

I /to 

to 

2/tO 

3/10 

3/10 

50 

5/10 

5/10 

6/10 

50 

lT-4 

1.2 

I'lO 

o/to 

I/IO 

1 

lT-1 

3  2 

0/10 

0/10 

0/10 

to 

fi/tO 

4/10 

3/10 

50 

8/10 

8/10 

10/10 

t 

lT-2 

3.8 

1/10 

2/10 

t/10 

to 

7/tO 

7/tO 

5/10 

50 

10/10 

9/10 

mo 

50 

lT-4 

1.2 

0/10 

2/10 

0/10 

IT-1 

3.2 

0/10 

0/10 

1/10 

IT-2 

3.8 

1/10 

0/10 

0/10 

IT-4 

1.2 

0/10 

0/10 

1/10 

“  P  value  for  protection  of  50Cf  or  greater  is  sll.tllh  b>  Kisher  exact  test  when  there  are  no  survivors  in  the 
control  group:  with  one  survivor  in  control  group.  P  value  for  protection  of  hOCJ  or  greater  is  stl.t)27.  Lower 
survival  rales  have  P  values  >  0.05. 


the  PS  antigens  obtained  were  approximately  1.04  ansi 
0  US  epm/ng  for  the  IT-I  PS  and  IT-2  PS.  respectivels 

Calculation  of  the  concentration  of  specific  aniibods 
was  as  described  (91. 

RESL'LTS 

fable  I  show  s  (he  results  of  three  experiments 
examining  the  ellicacy  of  cross-protection  in 
outbred  CD-I  mice  actively  immum/cd  with  the 
PS  antigen  from  P.  (wrHuinosii  I  f- 1  and  H-2. 
l>oscs  lower  than  50  p.g  of  IT-I  PS  generally  did 
not  routinely  protect  a  significant  number  of  the 
outbred  CD-I  mice  from  homologous  I  f- 1  chal¬ 
lenges.  Al  a  .50-p.g  dose.  IT-1  PS  was  elVeclive  in 
eliciting  50  to  H¥/r  proicciion  against  challenge 
with  the  P.  (ivnin'moso  IT-2  cells.  After  a  .50-pg 
dose  of  IT-2  PS.  80  to  lOOCiJ  protection  against 
challenge  with  IT-1  cells  was  noied.  fr-2  PS  also 
had  some  cross  protective  capabilities  at  a  lO-pg 
dose.  Both  IT-I  and  IT-2  PS  gave  90  to  MKI'  ; 
protection  after  a  .50-pg  dose  against  challenge 
with  homologous  cells.  Neither  PS  was  capable 
of  protecting  against  challenge  with  P.  lU’ninino- 
su  IT-4. 

When  LPS  was  used  in  cross-protecihm  ex¬ 
periments.  an  LPS  dose  of  0.01  ug  per  mouse 
was  effective  in  affording  protection  to  the  live 


homologous  immunolype  organism  only  (Table 
2).  Higher  doses  of  LPS  (10  to  100  ug)  gave 
eross-protection  similar  to  ihat  seen  with  the  PS 
antigens,  fbese  high  doses  of  LPS  were  suble- 
ihal.  Symptoms  of  endotoxin  shock  were  noted 
in  the  animals  at  appro.ximately  8  to  W  h  postim- 
muni/ation.  These  symptoms  had  completely 
subsided  by  the  lime  of  challenge  7  days  later. 
The  lack  of  protection  to  challenge  with  IT-4 
organisms  after  immunization  with  these  high 
doses  of  LPS  indicates  the  specificity  of  this 
high-dose  LPS  cross-protection. 

W’c  next  looked  at  the  ability  of  rabbit  antisera 
raised  to  the  PS  antigens  from  P.  aeruginosa  IT- 
I  and  rr-2  to  passively  protect  mice  against  live 
organism  challenge.  A  ll.l-ml  portion  of  rabbit 
antisera  to  the  purified  IT-1  and  11-2  PS  antigens 
provided  ttHrf  protection  to  challenge  with  ei¬ 
ther  the  homologous  or  heterologous  immuno- 
type  organisms  iTabIc  J).  Adsorption  of  antise¬ 
rum  raised  to  I'f-l  PS  with  ff-l  cells  removed 
the  protective  ellicacy  of  this  scrum  to  P.  aeru- 
IT-t  live  cell  challenge.  However,  pro¬ 
tection  against  challenge  with  the  heterologous 
strain  of  aernninosa  11-2  remained. 

When  the  antiserum  raised  to  I  f- 1  PS  vx’as 
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adsorbed  with  iT-2  cells,  passive  protection 
against  IT-2  P.  aeruginosa  was  removed.  How¬ 
ever,  there  was  no  effect  on  passive  protection 
against  challenge  with  the  homologous  11- 1 
strain.  Similarly,  adsorption  of  antiserum  raised 
to  the  IT-2  PS  with  IT-2  cells  eliminated  passive 
protection  to  P.  aeruginosa  IT-2  live  cell  chal¬ 
lenge.  It  did  not  significantly  affect  the  protec¬ 
tive  efficacy  against  IT-1  live  cell  challenge. 
Antiserum  raised  to  IT-2  PS  adsorbed  with  IT-t 
cells  still  conferred  passive  protection  against 
lT-2  live  cell  challenge  in  mice,  but  had  lost 
passive  protection  against  P.  aeruginosa  IT-t 
live  cell  challenge.  When  rabbit  antisera  raised 
to  the  LPS  antigens  from  P.  aeruginosa  IT-1  and 
IT-2  were  used  in  passive  protection  studies 
identical  to  those  described  above  for  antisera 
raised  to  the  PS  antigens,  identical  results  were 
obtained  (data  not  shown). 

Serological  studies.  A  radioactive-antigen- 
binding  assay  was  employed  to  further  define 
the  nature  of  the  cross-protective  component  of 
the  PS  antigens  from  P.  aeruginosa  IT-1  and  IT- 
2.  These  studies  used  both  hyperimmune  rabbit 
antisera  raised  to  the  PS  and  LPS  antigens  and 
murine  antisera  raised  to  single  doses  of  these 
antigens.  Table  4  shows  the  concentration  of 
specific  antibody  against  the  IT- 1  and  IT-2  PS  in 
hyperimmune  rabbit  antisera  raised  to  (he  11- 1 
and  IT-2  PS  and  LPS  antigens.  Antisera  raised 
to  PS  and  LPS  from  both  strains  contained 
antibody  to  both  the  IT-1  and  11-2  PS  antigens. 
.Adsorption  of  antisera  raised  to  IT- 1  PS  and 
LPS  antigens  with  the  homologous  lT-1  cells 
reduced  the  specific  IT-I  PS  antibods  levels  by 
9(K/f  or  more.  This  adsorption  had  little  effect  on 
the  antibody  level  to  IT-2  PS  (Table  4).  Similar- 
l> .  adsorption  of  antisera  raised  to  11-2  PS  and 
LPS  with  IT-2  cells  reduced  the  specific  11-2  P.S 
antibody  below  the  level  of  detection  in  the 
radioactive-antigen-binding  assay,  but  left  inttict 
appreciable  amounts  of  antibody  directed  at  the 
ll'-l  PS  (Table  4).  IT-2  cells  were  able  to  remove 
some  of  the  antibody  to  IT-1  PS  from  antisera 
raised  to  rr-2  PS  and  IT-2  LPS 

Kurther  elucidation  of  the  serological  related¬ 
ness  of  II  -1  and  rr-2  PS  and  LPS  antigens  was 
obtained  by  using  mouse  antisera  raised  to  single 
immunizations  of  these  antigens.  It  has  been 
found  (G.  B.  Pier  and  K.  B.  Markham,  submit¬ 
ted  for  publication)  that  mice  of  the  CMH/ANI 
strain  are  high  responders  to  a  single  l-|xg  dose 
of  the  IT-I  PS  antigen,  making  both  binding  and 
protective  antibodies.  Mice  of  the  BALB'c 
strain,  on  the  other  hand,  make  a  minimal  anti¬ 
body  response  after  a  25-  to  .Ml-pg  dose  of  1 1  - 1 
P.S.  Data  regarding  the  immune  response  of 
these  two  strains  to  high-  and  low-dose  immuni¬ 
zations  with  the  IT-l  and  11-2  PS  and  LPS 
antigens  are  shown  in  Table  5.  After  immuniza- 


TABLE  2.  Protection  of  mice  after  immunization 
with  IT-1  and  IT-2  LPS  antigens  and  challenge  with 
live  P.  aeruginosa  lT-1  and  IT-2 


Immunogen 

Amt 

Challenge 

No. 

Organism 

Survivors/ 

total 

challenged" 

IT-I  LPS 

0.01 

-  IT-l 

4.1 

10/10 

0.01 

IT-2 

4.7 

0/10 

0.10 

0/10 

1.0 

0/10 

10.0 

3/10 

.so.o 

6/10 

100.0 

7/10 

100.0 

IT-4 

l.I 

0/10 

IT-2  LPS 

O.OI 

lT-2 

4.7 

10/10 

0.01 

IT-l 

4.1 

0/10 

0.10 

0/10 

10 

0/10 

10.0 

7/10 

50.0 

9/10 

100.0 

8/10 

100.0 

IT-4 

I.l 

0/10 

Saline 

IT-l 

4.1 

0/|0 

lT-2 

4.7 

1/10 

IT-4 

II 

1/10 

'  See  Table  1.  footnote  a  for  P  values. 


tion  with  either  1  or  50  gg  of  the  11-1  PS.  the 
C.IH.'ANF  strain  made  primarily  an  immuno- 
type-specific  response.  .After  immunization  with 
.‘'0  (ig  of  H'-l  PS  the  BALB  c  strain  made  almost 
equivalent  antibody  responses  to  the  ll'-l  and 
IT-2  PS  antigens.  Both  mouse  strains  made  a 
type-specific  response  to  immunization  with  IT- 
t  LP.S  at  a  dosage  of  0. 10  jig.  w  hereas  at  the  high 
dose  of  100  (ig  of  ll'-l  LPS.  antibody  to  the  ll'-2 
P.S  was  elicited.  After  immunization  with  rr-2 
PS  both  mouse  strains  produced  antibody  to  ri  - 
2  PS  and  antibody  specific  for  Pf-l  PS.  Immuni¬ 
zation  with  rr-2  LPS  again  produced  an  immu- 
notype-specific  response  at  low  LPS  doses  and 
cross-immunotype  antibody  at  high  doses.  Im¬ 
munization  with  LPS  generally  gave  a  higher 
antibody  level  than  did  immunization  with  PS. 
c.xcepi  in  C3H/ANF  mice  in  which  .50  p.g  of  I'l'-l 
PS  induced  a  higher  level  of  I'l'-l -specific  anti¬ 
body  than  did  IT-I  LPS. 

msevssios 

I'hese  data  indicate  that  the  high-molecular- 
weight  PS  antigens  obtained  from  /’.  aeruginosa 
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TABLE  3.  Passive  protection  of  mice  given  rabbit  antisera  raised  to  the  PS  antigens  of  P.  aeruginosa  IT-I 

and  IT-2 


Antisera 

to: 


Ami  (mil 


Challenge 


Survivors/lotal 


IT-l  PS 


0.1 


IT-2  PS 


O.I 


NRS- 


(l.l 


Organism 

No. 

(xiO*) 

challenged 

_ h 

ITl 

1.6 

10/10" 

— 

1T2 

4.7 

10/10 

— 

IT-4 

1.6 

0/10 

IT-l  organisms 

IT-t 

16 

0/10 

lT-1  organisms 

IT-2 

4.7 

8/10 

IT-2  organisms 

IT-t 

1.6 

lU/IO 

lT-2  organisms 

IT-2 

4.7 

0/10 

IT-l 

1.6 

9/10 

_ 

IT-2 

4.7 

10/10 

— 

IT-4 

1.6 

O/IO 

IT-l  organisms 

IT-l 

1,6 

0/10 

IT-l  organisms 

IT-2 

4.7 

10/10 

lT-2  organisms 

IT-l 

1.6 

10/10 

11-2  organisms 

IT-2 

4.7 

0/10 

IT-l 

1.6 

O'U) 

_ 

IT-2 

4.7 

0/10 

— 

IT-4 

1.6 

0/10 

"  See  Table  1.  footnote  a  for  /’  values, 

*  — .  Not  adsorbed. 

‘  NRS.  Normal  rabbit  serum 

IT-1  and  IT-2  elicit  cross-protective  imnitinity 
when  used  as  aciivc  miimmogens  in  oulbred 
mice.  Antibodies  raised  lo  these  l‘S  antigens  in 

TADl.K  -1  binding  amibodv  in  single  pools  of 
hyperimmune  rabbil  antisera  raised  lo  /’  iicrnginosa 
lT-1  and  rr.H  I’S  iniieeiis 


Anii>ci.i  i.iiscif  \o 

mh 

K 

Il  f  IVS 

1  r  2  vs 

>  • 

IT-l  PS 

4.vy 

in  7 

AiJv>rbcd  v\iih  I  J  -1  fM>.MniNniN 

■  4' 

lU  (> 

y’ 

Adsorbed  vhUh  1 1  -2  ore.iiuMiib 

^tt.2 

•  4 

IT-l  LPS 

III'  7 

82  6 

Adsorbed  uiih  III  omaniMiib 

^,7 

82.4 

i 

Adsorbed  1 1-2 

lOS  W 

■  4 

IT-2  PS 

1.38.3 

Adsorbed  vsith  III  t>rg.iniMn> 

<4 

143  2 

Adsorbed  with  11-2  organisms 

42  ^ 

<4 

n-2  i.ps 

KO  2 

214.2 

s 

Adsorbed  with  IT-l  ^>^gilni^^l^ 

4  5 

166.8 

i 

Adsorbed  with  IT-2  oig;ini>ms 

28. K 

<4 

"  Lower  limit  of  detection  of  radio.ictive-anligen- 
binding  assay  for  animal  sera  is  4.0  yig'nil. 


rabbits  are  also  cross-proicclive  when  passively 
transferred  lo  mice.  The  basis  for  this  cross¬ 
protection  appears  to  reside  in  the  generation  of 
antibodies  \o  the  heterologous  imnuinoiype  de¬ 
terminant  that  is  present  on  the  P.S  and  shared 
w'ith  the  O  side  chain  portion  of  the  l-P.S  111.12). 
AniibtMJy  induced  to  the  heterologous  I’S  Ihcter- 
otype  antibiHly)  could  not  be  adsorbed  out  with 
cells  from  which  the  I’S  was  isolated,  whereas 
the  antibody  directed  to  the  homologous  I’S  was 
readily  removed.  Thus,  high-molecular-weight 
I’S  and  LPS  antigens  IVoin  l‘.  oeriigiiuisa  lT-1 
and  IT-2  arc  cross-iminunogenic  at  high  doses, 
but  do  not  appear  to  be  antigenically  cross- 
rcactive.  A  similar  cross-inimunogenicity  with¬ 
out  cross-reactivity  of  capsular  I’S  antigens  from 
NcisM’na  nu-ningiliilis  has  been  described  (6). 
The  generation  of  cross  protective  antibodies  by 
PS  antigens  suggests  that  a  limited  number  of 
these  antigens  may  be  needed  to  produce  a 
comprehensive  multivalent  vaccine  to  oerii- 
ginosa. 

The  induction  of  heterotype  antibodies  after 
immiini/.ation  with  PS  appears  to  be  dependent 
on  antigen  dosage,  the  genetic  constitution  of 
the  responding  animal,  and  the  particular  PS 
antigen  used.  t'D-l  mice  reitinre  a  high  dose  (50 
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TABLE  5.  B 

Mouse 

strain 

OH/ANF 


.s. 


BALB/c 


r 

!y‘‘ 

w. 


“  Represent- 
antigen  dosage 


M-g)  of  IT-l 
BALB/e  mic 
high  dose  ol 
OH/ANF  m 

fi  (JLgl  of  If. 

Furthermore 
Il-I  PS  imm 
specific  resp. 
hyperimmum 
cific  antibiid 
doses  of  H  I 
genetic  comp 
threshold  an 
sponse.  On  t 
IT-2  PS  prod 
ic  responses 
tng  that  this 
protective  in 
less  restricte 
specificity  fo 
serum  that  w 
representativ 
bodies  one  v 
organisms  co 
I  PS  antibod 
High  dose- 
heterotype  ai 
l-PS  were  HI 
ol  LPS  needs 


'  V  “■  .T- 

Viv? 


Im 


'.y.' 

s'  xT-s 


■-'v'V. 

I  •  M  '  I 

•  •  o 
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TABLE  5.  Binding  antibody  to  the  P.  aeruginosa  lT-1  and  IT-3  PS  antigens  in  mouse  antisera  after  a  single 
immunization  with  IT-1  and  iT-2  PS  and  EPS 


Mouse 

strain 

Immunogen 

Amt  liig) 

Antibody  (|iyg/ml)  to": 

IT-I  PS 

IT-:  PS 

C.tH/ANF 

IT-1  PS 

1 

n.o±  0.8 

<4 

SO 

63.0  £  1S.8 

<4 

lT-1  LPS 

0.1 

.38.4  ±  5.3 

<4 

100.0 

51.0  £  6  2 

8.7  £  1.4 

lT-2  PS 

1 

5.2  £  0  4  • 

8.5  £  1.1 

so 

13.1  £  13 

29.2  £  6.0 

lT-2  LPS 

0.1 

<4 

48.2  £  4.1 

100 

13.3  £  2.1 

57.1  £  8.3 

BALB/c 

lT-1  PS 

1 

<4 

<4 

so 

7.1  £  1.3 

6  5  £  0.3 

IT-1  LPS 

0.1 

84.2  £  4.3 

<4 

100.0 

68.5  £  4.1 

14.2  £  3.8 

IT-2  PS 

I 

9.4  £  1.9 

12  1  £  2.6 

so 

16.2  £  3  1 

21.3  £  5.8 

IT-2  LPS 

0.1 

<4 

51.3  £  9.4 

100 

11.5  £  2  3 

46.9  £  10.2 

“  Represents  average  concentration  of  antibody  in  five  individual  animal  sera  immunized  with  the  indicated 
antigen  dosage  the  standard  error  of  the  mean. 


4gl  of  IT-1  and  IT-2  PS  for  cross-protection. 

B. ALB'c  mice  and  rabbits  require  a  relatively 
high  dose  of  IT-1  PS  for  antibody  formation. 

C. 3H/.ANF  mice,  however,  required  a  low  dose 
(1  tig)  of  IT-1  PS  to  induce  specific  antibody. 
i-Tirthermore.  the  C.3H/ANF  mice  responded  to 
ll'-l  PS  immunization  with  only  an  lT-1  type- 
specific  response,  whereas  BALB/c  mice  and 
hvperimmunized  rabbits  generated  lT-2  PS-spe- 
citic  antibody  alter  immunization  with  high 
doses  of  IT-I  PS.  Thus,  the  dosage  of  PS  and  the 
genetic  composition  of  the  animals  affected  the 
threshold  and  specificity  of  the  immune  re¬ 
sponse.  On  the  other  hand,  immunization  with 
IT-2  PS  produced  both  serotypic  and  heterotyp¬ 
ic  responses  in  all  immunized  animals,  suggest¬ 
ing  thiit  this  antigen  may  be  a  more  broadly 
protective  immunogen,  and  responses  may  be 
less  restricted  genetically.  The  antibody  with 
specificity  for  l  l-l  PS  in  rabbit  hyperimmune 
serum  that  was  raised  to  IT-2  PS  may  be  more 
representative  of  the  typical  cross-reactive  anti¬ 
bodies  one  would  normally  expect,  since  IT-2 
organisms  could  adsorb  out  about  60%  of  the  IT- 
1  PS  antibody. 

High  doses  of  LPS  were  also  found  to  elicit 
heieroiypc  antibodies  in  mice.  These  doses  of 
I  PS  were  lO'  to  10''  times  greater  than  the  dose 
of  LPS  needed  for  type-specific  antibody  induc¬ 


tion.  The  requirement  for  nearly  equivalent 
amounts  of  LPS  and  PS  for  cross-protective 
immunity  and  antibody  induction  indicates  that 
the  clones  of  lymphocytes  that  recognize  and 
respond  to  the  heterologous  immunotype  deter¬ 
minant  do  so  only  at  a  certain  dosage  threshold. 
Furthermore,  the  chemical  composition  of  PS 
(II .  12)  shows  only  a  low  level  (<  1%  )  of  poten¬ 
tial  LPS  contamination  of  PS.  Thus,  for  contam¬ 
inating  LPS  to  be  responsible  for  the  cross- 
immunogcnicity  of  PS.  the  PS  preparation  would 
need  to  be  50  to  100'  r  LP.S,  a  possibility  preclud¬ 
ed  by  the  chemical  data.  I'he  ability  of  high 
doses  of  P.  aeruginosa  PS  and  LPS  antigens  to 
induce  heterotype  antibody  may  have  a  corre¬ 
late  in  patients  infected  with  P.  aeruginosa.  It 
has  been  shown  (1.1)  that  in  the  convalescent 
serum  from  some  paiients  infected  with  a  single 
serotype  of  P.  rieruginosa.  antibody  increases  to 
heterologous  serotypes  of  P.  aeruginosa  can  be 
documented. 

A  possible  csphinaiion  for  cross-protection 
with  j  f-l  and  rr-2  PS  antigens  is  that  these  two 
serological  determinants  are  closely  related 
structural  entities.  PS  antigens  and  the  O  PS  side 
chain  from  LPS  are  serologically  identical  anti¬ 
gens  (II.  12).  PS  antigens  contain  5  to  7  individ¬ 
ual  monosaccharides,  whereas  O  side  chains 
from  IT-I  and  l'f-2  LPS  contain  principally 
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rhamnosc,  glucose,  and  dideoxyhexosamines 
(11.  12).  Since  rhamnosc.  glucose,  and  didcoxy- 
hexosamines  are  also  pan  of  PS  antigens,  the 
structural  conhguration  of  these  nionosacch.i- 
rides  most  likely  determines  the  epitope  princi¬ 
pally  found  on  lT-1  and  IT-2  PS.  fhe  diflerences 
in  either  the  arrangement  or  linkages  between 
glucose,  rhamnosc.  and  the  dideoxyhexosa- 
mines  must  account  for  the  serological  distinc¬ 
tion  of  the  lT-1  and  IT-2  strains  of  P.  tu’i  uMnutMi . 
After  immunization  with  high  doses  of  PS.  anti¬ 
bodies  to  these  closely  related  structures  arc 
induced,  some  with  specificity  for  the  PS  induc¬ 
ing  homologous  antibody  and  some  with  speci¬ 
ficity  for  the  PS  inducing  heterologous  antibody. 
The  antibodies  with  specificity  for  the  heterolo¬ 
gous  PS  probably  have  a  low  affinity  for  the 
homologous  PS  antigenic  determinant.  I'hts 
would  explain  the  poor  ability  of  organisms 
homologous  to  the  inducing  antigen  to  adsorb 
antibodies  with  specificity  for  the  heterologous 
PS. 

These  experiments  provide  further  insight  into 
the  nature  of  the  serological  determinants  on  1’. 
(ivruiiinosa  antigens.  It  was  shown  that  the 
specificity  of  mouse  protection  against  live  orga¬ 
nism  challenge  with  P.  acniuinuMi  is  dependent 
on  the  dosage  of  the  immunizing  antigen,  the 
animal  strain  used  to  assess  immunogenicitv . 
and  the  PS  antigen  used  for  immuni/.iiion.  .-Nt 
low  doses  of  LPS.  only  type-specilic  antibiuH 
responses  and  protection  are  seen.  At  high  doses 
of  PS  and  LPS.  cross-protection  and  heteiotspe 
antibody  responses  occur  in  rabbits  and  some 
mouse  strains.  It  required  equivalent  doses  ol 
intact  LPS  and  PS  to  elicit  heterotype  piolectmn 
in  oulbred  CD-I  mice  and  cross-inuminolvpe 
antibody  in  inbred  HALH  c  niicc  I'luis.  b'w 
levels  of  contaminating  LPS  in  the  PS  prepar.i- 
lions  cannot  be  held  accoutil.dile  loi  the  elticacv 
of  PS  vaccination  in  mice. 

PS  antigens  appear  to  be  ummiiioecmc  foiiiis 
of  the  P.  uiTiifiiiuiMi  LP.S  immiinotypc  determi¬ 
nant.  PS  have  previously  been  shown  to  ditlei 
from  LPS  O  side  chains,  which  be.u  the  immii- 
noiype  determinant  (.1.  7).  b>  moleciil.u  si/e. 
monosaccharide  conslituents.  and  imniiiiu'ge- 
nicity  (10-12).  Here  il  was  shown  tli.it  PS  dilleis 
from  intact  LPS  by  its  ability  to  elicit  cross- 
protection  in  mice  at  doses  eqms.ilent  to  (hose 
required  for  homologous  immunotvre  priuec- 
(ion.  Whether  PS  vaccines  will  have  the  same 
immunogenierty  properties  m  humans  as  has 
been  shown  for  mice  will  depend  on  the  n.iltirc 
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of  the  human  immune  response  to  this  vaccine. 
PS  from  IT- 1  P.  aeruginosu  has  been  shown  to 
be  immunogenic  in  healthy  adult  volunteers  (9). 
The  nature  of  the  immunoiype  spccihcity  of  the 
human  immune  response  elicited  is  currently 
being  determined . 
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Characterization  of  the  Antibody  Response  in  Inbred  Mice  to 
a  High-Molecular-Weight  Polysaccharide  from  Pseudomonas 
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We  expioMd  the  cenetic  basis  for  the  differiDg  immune  ictponset  obietvad  in 
inbred  strains  of  mice  to  a  high*molecular>weight  polysaccharide  (PS)  fitom 
Pseudomonas  aeruginosa  immunotype  1  (TT-l).  Previous  studies  have  shown  that 
C3H  mice  ioununized  uith  this  antigen  produce  only  iaunuo6type-Miectfic  anti* 
body.  BALB/c  mice  immunized  %vith  IT-l  PS  produce  both  anti-lT-l  PS  antibody 
and  antibody  crass-reactive  with  PS  from  P.  aeruginosa  immunotype  2  (IT-2).  In 
the  cunc.it  study,  we  observed  that,  in  addition,  these  two  strains  differ  in  their 
ability  to  respond  to  low  immunizing  doses  of  IT-l  PS.  C3H  mice  g«N>«^t*ri  a 
protective  antibody  response  after  a  l-pg  immunization,  whoeas  BALB/c  mice 
failed  to  produce  prot^ve  antibody  after  receiving  1  pg  of  PS.  Both  strains 
generated  protective  levels  of  antibody  after  a  50-|ig  iramunizatioo.  (SeoMic 
analysis  of  these  response  patterns  indicates  that  the  ability  to  produce  cross- 
reactive  antibody  and  the  ability  to  respond  to  a  l-pg  immunization  are  indepen¬ 
dently  inherited  traits.  In  addition,  the  responsiveness  *of  OH  mioe  to  a  l-pg 
immunization  utith  the  production  of  protective  levels  of  antibody  it  not  linked  to 
the  mouse  miyor  histocompatibility  (H-2)  complex,  to  sex-linked  genes,  or  to  a 
single  gene  outside  the  H-2  complex. 


Pseudomonas  aeruginosa  organisms  are  ex¬ 
tracellular  gram-negative  bacteria  which  cause 
significant  morbidity  and  mortality  in  certain 
patient  groups  (6, 11-13).  Because  of  the  patho¬ 
genic  potential  of  these  bacteria  and  the  difficul¬ 
ty  in  the  antibiotic  treatriKnl  of  infections 
caused  by  them  (12),  efforts  have  been  undertak¬ 
en  to  develop  a  vaccine  which  would  prevent 
this  infection  in  patients  at  high  risk  (10). 

One  such  candidate  vaccine  is  a  high-molecu¬ 
lar-weight  polysaccharide  (PS)  which  has  been 
isolated  from  the  extracellular  slime  material  of 
broth  cultures  from  the  Fisher-Devlin  immuno¬ 
type  1  (IT-l)  strain  of  P.  aeruginosa  (10).  Initial 
studies  in  outbred  mice  have  demonstrated  the 
protective  potential  of  this  vaccine  against  intra- 
peritoneal  (i.p.)  challenge  with  live  bacteria  (9). 

The  ultimate  success  of  any  PS  vaccine  pro¬ 
gram  will  depend  in  part  on  the  ability  of  individ¬ 
uals  of  heterogeneous  genetic  background  to 
respond  to  the  immunizing  antigen.  Previous 
findings  in  inbred  mice  (8)  have  indicated  that 
after  immunization  with  fT-I  PS.  BALB/c  and 
C3H  mice  differ  in  their  ability  to  produce  anti¬ 
body  cross-reactive  with  Fisher-Devlin  P.  aeru¬ 
ginosa  immunotype  2  (IT-2)  PS.  In  the  current 


report,  we  document  an  additional  difference  in 
the  response  pattern  of  these  tsvo  inbred  strains. 
C3H  mice  pr^uce  antibody  after  immunization 
with  low  doses  (1  pg)  of  antigen.  BALB/e  mice 
do  not.  We  studM  whether  Hus  difference  is 
genetically  linked  to  the  ability  to  produce  cross¬ 
reactive  antibody,  to  the  mouse  nugor  histocom¬ 
patibility  (H'2)  complex,  or  to  a  sin^e  gene 
outside  the  H-2  complex.  Our  studies  indicate 
that  the  two  traits  that  distinguish  C3H  and 
BALB/c  responses  are  inherited  inttependentiy 
and  that  the  ability  to  respond  to  a  limiting 
immunizing  dose  is  not  linked  to  sex,  the  H-2 
complex,  or  a  single  gene  outside  the  H-2  com¬ 
plex. 

MATERIALS  AND  METHODS 

Mk*.  Female  inbred  BALB/c  mice,  C3H/ANF 
mice.  F|  mice,  and  back-crosses  of  these  inbred 
strains,  8  weeks  of  age,  were  rtblained  fitMi  Cumber¬ 
land  View  Farms,  Clinton,  Term.  C3H.SW,  C3H/HeI, 
CBA/1,  CS7B1/U,  AKR/J,  and  CSTBr/cdJ  mioe  were 
obtained  from  Jackson  Laboratories,  Bar  Harbor, 
Maine. 

Dcicctioo  at  antibody-pradudae  cds.  Direct  and 
indirect  plaque-forming  cells  (PFC)  specific  for  P. 


232 


ANTIBODY  RESPONSES  TO  f.  AERUGINOSA  233 


VoL.  41. 1M3 


mthcAmm  IT-l  PS  WHC  4ciMI«d  by  a  slide  versiM  of 
^  .  the  teciMiqM  of  localiaed  hemolysis4ii-tet  described 
by  Jcnc  cl  aL  (4).  To  delect  lT-1  PS-specifk  PFC. 

I  ibrrt  rqlTiiTT*"  - =•---•* 

F '  BJ  oil.iif  waebed  packed  SRBC.  1  ml  of  a  1  mg/ml 
9  aolatiobofPSia0.1SMNaa.anda0.07%chfoniium 
chloiide  'adlaliaa.  The  mixture  was  allowed  to  stand 
:  fbrSmm,  and  Ike  seosiliaed  cells  were  then  washed 
Oree  tunes  in  nonlal  safine  and  used  in  a  final 
cuocciitiatioo  of  MK  (vol/vol).  Background  PFC  to. 
.w.M«i«tiwi«t  SRBC  were  determined  for  each  result 
and  submcled  Bum  the  total  PFC  detected  by  using 
seosiliaed  SRBC. 

Aodwra.  Heavy  chain-specific  goat  anti-mouse 
ioHMiiaglobului  M  QgM)  was  included  in  the  agarose 
to  Udbit  1|M  PPC'whca  noo-IgM  PFC  were  detected. 
Heavy  and  lighi  chahs-specific  rabbit  anU-mouse  IgG 
was  used  tor  the  detectioo  of  non-lgM  PFC.  Both 
antisera  were  obtained  from  Cappel  Laboratories. 
Coduaaville,  Pa. 

AaSigwi  aad  haniaaitalfan.JPS  from  Fisher-Devlin 
nVl  E.  oeragiaeaa  was  isolaM  and  purified  by  previ- 
Mftly  described  tecboMittes  (7. 10).  Briefly,  93%  alco- 
hoi  prreipitebir  awteriel  from  the  supernatant  of  a 
tryptic  soy  broth  (Difco  Laboratories,  Detroit.  Mich.) 
culture  of  P.  omifiiaeM  was  collecf^.  dissolved  in 
1%  acetic  acid,  attusted  to  pH  3.0  «mh  glacial  acetic 
aSS,  aad  heated  at  90rC  for  Ifl  h.  The  supernatant  was 
then  colleGted.  extracted  with  chloroform  and  phenol, 
aad  then  predpiiaied  with  93%  akohol.  The  precipi¬ 
tate  was  then  disaolved  in  phosphate-buffered  saline 
and  applied  to  a  S^phacyl  S-300  column  (2.6  by  100 
cm).  The  serologically  active  material  eluting  between 
the  void  volume  and  the  point  at  which  a  70,000- 
molecular-weight  dexttan  marker  begins  to  elute  was 
collected,  predpiiaied  with  alcohol,  dialyzed,  and 
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FIG.  I.  Log,*  IgM  and  IgG  PFC  per  spleen  £ 
standard  error  of  the  mean  versus  the  immunizing  dose 
of  rr-l  PS  in  OH/ANF  mice,  determined  3  days  after 


lyophilized.  The  lyophifaed  mairriil  was  reconstitut¬ 
ed  in  pbospate-bttfered  saline  btten  upeclion.  Mice 
were  immimiiicd  by  Lp.  hpection  of  the  PS  in  the 
spedfled  dose  dissellved  in  ^  ml  of  0.13  M  NaCI. 

ChaBcage  srllh  Kva  ofianlims.  (hgaaisms  for  chal- 
lenge  of  immuniiied  aad  control  mice  srere  powa  for 
approximately  16  b  on  tryptic  soy  agar.  One  week  after 
immunization,  miee  were  rhafirngfil  by  i.p.  inocula^ 
tion  with  a  dose  of  P.  oernghiato  IT-1  (1.3  x  1(P 
organisms)  that  routinely  kiBs  90  to  100%  of  aonim- 
mune  mice.  The  mean  lethal  dose  tor  this  organism  in 
these  mice  by  the  Lp.  chaHeage  route  is  3  x  lO' 
organisms  (G.  Pier,  unpuhlishrd  data). 

Radioaelivc  anIIgm-hhMMff  amay.  '*C  intrinsically 
labeled  K  from  P.  oerogiiiM  IT-1  and  rr-2  were 
prepared  from  2  filers  of  Davis  auaimal  media  (Difco) 
containing  20  mCi  of  sodium  acetate  aad  1%  cold 
sodium  acetate.  Spactfle  activities  of  1.0  and  0.98 
cpm/ng  for  the  IT-1  PS  aad  n'-2  PS  were  obtained, 
respectively.  A  radiaaelivc  antigea-bindiiig  assay  was 
performed  by  the  aidhod  of  Farr  (3),  aad  quantifica¬ 
tion  of  the  amount  of  antibody  (microgiams  per  millili¬ 
ter)  determined  as  previously  described  (7). 

Siadsiies.  StudeiU's  r  lest  (1)  was  used  to  evahiaie 
the  significance  of  the  diffftvnrft  observed  in  the 
generation  of  antibody  or  antibody-producing  cells. 
The  significance  of  differences  in  survival  between 
inbred  mouse  strains  was  determined  by  a  Fisher  exact 
test  (1). 

RESULTS  ' 

Dose  rcspoiiac  rdatimiaUps  In  inbred  mke. 
Groups  of  five  C3H/ANF  mice  were  immunized 
with  different  doses  of  IT-l  PS  ranging  from  1.0 
to  SO  |tg.  Five  days  after  immunization,  the 
number  of  spleen  cells  producing  either  IgG  or 
IgM  antibody  specific  for  IT-1  PS  was  deter¬ 
mined.  Previous  kinetic  studies  had  demonstrat¬ 
ed  that  the  optimal  PFC  response  occurred  on 
day  3  after  immunization.  As  seen  in  Fig.  1,  the 
maximum  number  (2,800)  of  IgM-secreting  cells 
was  generated  with  an  immunizing  dose  of  I  pg. 
The  optimal  IgG  response  occurred  after  a  5-pg 
immunization,  but  this  response  did  not  differ 
significantly  from  that  seen  at  1  pg  (P  >  0.5).  At 
50  pg,  few  if  any  IgG  or  IgM  PFC  could  be 
detected.  With  tlw  same  protocol,  BALB/c  mice 
failed  to  produce  any  detecuble  IgM  or  IgG  PFC 
after  immunizing  doses  of  IT-1  PS  ranging  from 
1.0  to  50  pg.  Kinetics  of  the  PFC  response  for 
BALB/c  mice  were  determined  by  using  immu¬ 
nizing  doses  of  1  and  50  pg.  No  splenic  PFC 
could  be  detected  on  days  3  through  10  after 
immunization. 

Despite  the  absence  of  PFC  in  the  spleens  of 
BALB/c  mice,  antibody  could  be  detected  in  the 
sera  of  those  BALB/c  mice  immunized  with  50 
pg  of  IT-1  PS  by  use  of  the  radioactive  antigen¬ 
binding  assay  (Table  1).  As  in  the  plaque  assay, 
however,  immunization  with  1  pg  of  antigen 
failed  to  produce  a  significant  rise  in  antibody 
over  preimmunization  levels.  By  contrast. 
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TABLE  1.  AbOilyaraH/ANFMMBALBfcMOC 
M  proAioc  iMtaHy  lAcr  MHMMisaliM  widi  1  aad 
MMoriT-l  PS 


OH/ANF 

1 

17.6* 

BALBA 

1 

<4.®* 

OH/ANF 

M 

2t.l 

BALBA 

50 

7.1 

*  NiMikcr  wpwMti  mum  uAoiy  coaceHMiwi 
daiaeiid  M  Ike  Mta  of  Sve  iauMiaixed  aiec. 

*  Ite  iBMr  IWt  far  Ike  dcleeiiMi  ef  aaiaMdy  k  4 
Mkd. 


C3H/ANF  mice  did  praduce  ngnificut  unounts 
of  lenira  aaiibody  after  both  a  1-  and  a  50>i>c 
immunizalioii,  despite  the  absence  of  detectable 
apkm  PFC  after  the  50-t>c  dose.  These  relative¬ 
ly  high  antibody  levels  in  C3H  mice  given  50  pg 
of  K  suggest  either  that  antibody  was  being 
produced  at  a  site  other  than  the  spleen  or,  less 
likely,  that  an  isotype  was  being  produced  after 
high-dose  unmuniaatioo  that  could  not  be  de¬ 
lected  in  the  plaque  assay. 


ably  to  wllhstand  cksBeugr  with  ft.  mengtium 

IT-1.  To  examine  the  protective  efficacy  of  PS 
uninunization  in  inbr^  mice,  groups  of  five 
C3H/ANF  and  BALB/c  mice  were  immunized 
once  with  lT-1  K  in  doses  ranging  from  1 .0  to  50 
pg.  One  week  later,  the  mice  were  challenged 
with  1.3  X  10*  ft.  aeruginosa  IT-1  otganisms. 
Among  BALB/c  mice,  the  only  group  with  sig- 
nilicant  survival  was  that  which  had  received  the 
50-pg  immunizing  dose  (Table  2).  No  BALB/c 
mioe  in  the  other  immunization  groups  survived 
this  challenge. 

C3II/ANF  mice  challenged  with  an  ^uivalent 
number  of  ft.  aeruginosa  IT-l  organisms  also 
showed  protection  provided  by  the  50-pg  immu¬ 
nizing  d^.  However,  the  ability  of  this  mouse 
strain  to  respond  to  lowerdosesof  PS  was  again 
confirmed  by  the  protective  efficacy  of  the  1- 
and  5-pg  immunization  doses,  with  100%  surviv¬ 
al  seen  in  all  immunized  groups. 

Ability  of  (BALB/c  x  C3H)F|  mice  to  produce 
auti-IT-2  PS  antibodies  after  inununkattou  wMh 
TT-l  PS.  Previous  experiments  have  indicated 
that  C3H/ANF  mice  produce  oidy  an  anti-IT  1 
PS  type-specific  response  after  immunization 
with  50  pg  of  IT-l  PS.  After  the  same  immuniza¬ 
tion,  BALB/c  mice  produce  both  anti-IT-l  PS 
and  anti-IT-2  PS  antibodies  (8).  We  considered 
the  possibility  that  OH  mice  processed  the  PS 
in  a  manner  that  both  permitted  them  to  respond 
to  lower  immunizing  doses  (1  pg)  and  precluded 
their  producing  the  anti-IT-2  PS  cross-reactive 
antib^y. 

To  evaluate  this  hypothesis,  we  examined  the 


response  pattenis  of  (BALB/c  x  OH)F|  mice. 
Pooled  sen  from  (BALB/c  x  OH/ANF)F|  ob¬ 
tained  beCore  namunization  contained  less  than 
4  pg  of  anlib^  per  ml  against  IT-l  PS.  Six  days 
after  immunization  with  1  pg  of  polysaccharide, 
pooled  sen  from  these  mice  contained  41  pg  of 
antibody  to  IT-l  PS  per  ml.  No  increase  in 
antfaody  titen  to  lT-2  PS  above  the  preinimune 
level  (4  pg/ml)  was  observed  after  immunization 
with  1  pg  of  IT-l  PS.  However,  after  immuniza- 
lioo  with  50  pg  of  lT-1  PS,  the  level  of  anti-IT-2 
PS  antihody  increased  to  11.2  pg/ml  over  a 
preimmune  level  of  less  dian  4  pg/M.  The 
antibody  titer  to  lT-1  PS  increased  to  32.6  pg/ml 
(from  Im  than  4  pg/ml)  in  this  sanm  group  of 
mice.  These  results  indicate  that  processing  the 
antigen  in  a  matuier  that  permits  an  antibody 
response  to  low  inumuiizing  doses  does  not 
preclude  production  of  the  cross-reactive  anti¬ 
body  in  response  to  high-dose' immunization. 
Therefore,  tte  inbility  of  the  parental  C3H  mice 
to  produce  cross-reactive  antibody  is  not  linked 
to  their  ability  to  respond  to  a  1-pg  immuniza- 
tion. 

GssstieBaf  response  to  1  pgeflT-l  PS.  Since 
C3H/ANF  (H-2*)  and  BALB/c  (H-2*)  mice  differ 
at  the  H-2  complex,  we  next  studied  whether  the 
ability  to  re^ond  to  the  1-pg  dose  of  IT-l  PS 
was  H-2  linM.  Groups  of  five  mice  of  different 
H-2  types  amd  dHTerent  backgrounds  were  im¬ 
munized  with  1  pg  of  rr-1  PS,  including  strains 
C3H/HeJ.  OH/HeDiSn.  C57Br/cdJ.  CBA/N, 
CSSa,  CBM  (aU  H-2*),  C57B1/6J  (H-2*).  and 
C3H.$W.Sn  (H-2*  on  C:3H  backgrxwnd).  Five 
days  later,  the  generation  of  IgM  surfenic  PFC 
was  deiermined.  Only  strains  of  mice  with  a 
OH  background  generated  splenic  PFC  after 
immunization  with  1  pg  of  IT-l  PS.  Mice  of 
another  H-2*  strain,  CBA/I,  failed  to  respond, 
and  strains  of  C3H  background,  including  the 
C3H.SW  strain  (H-2*),  did  respond.  PFC  re¬ 
sponses  in  all  responding  strains  were  equivalent 


TABLE  2.  Survival  of  BALB/c  and  C3H  mice 
chaUenged  whh  live  ft.  aeruginosa  fT-I  after 
hnmunizatioa  with  different  doses  of  IT-I  PS 


domSgT 

No.  of 
BALBAbucc 
surviviBsAo. 

challeiweil 

P 

value* 

No.  of  OH 
nice  P 

sarviving/no.  value* 
challeiaed 

0 

0.5 

0/S 

1 

0/S 

NS' 

5/5 

0.01 

5 

0.S 

NS 

VS 

0.01 

SO 

4/S 

0.0S 

VS 

0.01 

*  Quantity  of  IT-l  PS  given  i.p.  7  days  before 
challenge. 

*  Significance  of  difference  in  number  of  surviv^ 
compared  to  mice  of  the  same  strain  receiving  no  prior 
immunization,  determined  by  the  Fisher  exact  test. 

'  NS.  Not  significant. 
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i^ili|kthe  •nnte  of  3.000  to  4.000  PFC  per 
;lt  is>ap|Mrent  thtf  the  ability  to  respond 
I  by  genes  that  do  not  fall  within  the 
/Complex.  <CBA/J  and  C3H/HeJ  mice  have 
me  IgGl  allotype,  and  the  failure  of  the 
I  mice  to  respt^  to  a  l-pg  dose  indicates 
I  responsiveness  is  also  not  linked  to  the 
U  aUotype  locus.  Testing  of  the  sera  from 
l&atknuce  in  the  radioactive  antigen-binding 
MMy  confirmed  the  lack  of  response  to  a  l-^ig 
of  IT-1  PS  (data  not  shown). 

^To  determine  whether  the  ability  to  respond  to 
imnranization  is  sex  linked,  we  examined 
die  tesponse  patterns  in  F|  male  offspring  of 
(BALB/c  X  C3H)F,  and  (C3H  x 
AALB/c)F|  origin.  The  responses  of  both  of 
these  reciprocal  F|  mice  were  equivalent  (P  > 
0.QS;  Table  3).  indicating  that  the  response  to  1 
pf  oir  PS  is  not  sex  linked. 

Td' evaluate  whether  the  response  to  1  pg  is 
to  a  single  germ  outside  toe  H-2  complex, 
wshidied  the  response  pattern  in  backcrosses 
of  Ft  mice  with  both  of  the  parental  strains.  If 
responsiveness  were  linked  to  a  single  dominant 
gtme,  100%  of  toe  offspring  of  C3H  x  F|  back- 
crosses  would  respond  to  a  1-p.g  immunization, 
and  50%  of  toe  offspring  of  BALB/c  x  F|back- 
crosses  would  respond.  In  fact,  95%  of 
C3H/ANF  X  F|  mice  did  respond,  but  70%  of 
BALB/c  X  F|  mice  also  responded  by  a  twofold 
or  greater  (>8  pg/ml)  increase  in  serum  antibody 
levels.  The  response  patterns  therefore  do  not 
segregate  into  a  pattern  consistent  with  linkage 
of  responsiveness  to  a  single  gene. 


DISCUSSION 

In  the  current  investigation,  we  characterized 
antibody  responses  of  inbred  mouse  strains  to  a 
PS  antigen  isolated  from  one  immunotype  of  the 
gram-negative  bacterium  P.  aeruginosa.  Our 
findings  indicate  that  inbred  mice  can  be  used  to 
identify  two  distinct  response  patterns  which 


TABLE  3.  Seram  antibody  levels  and  splenic  PFC 
produced  by  (C3H  x  BALB/c)Ft  and  (BALB/c  x 
OH)F|  male  mice  after  immunization  with  1  |tg  of 


IT-1  PS* 

Stnin 

Antibody  level 
(M/ml)* 

PFC 

(C3H  X  BALB/c)F, 

11.9  i:  4.6 

3118  ±  2964 

(BALBk  X  C3H)F, 

7.3  i  1.2 

6330  £  2077 

*  As  determined  by  the  Student  r-test,  the  responses 
of  both  of  these  reciprocal  F|  hybrids  in  antibody  and 
PFC  production  were  equivalent:  P  >  O.OS. 

*  Mean  antibody  ±  standard  deviation  determined 
in  seta  of  five  mice  5  days  after  immunization. 

'  Mean  ±  standard  deviation  of  number  of  PFC  per 
spleen  directed  at  IT-I  PS-coaled  SRBC  5  days  after 
immunizaiion. 


vary  both  by  the  limiting  dose  of  antigen  which 
can  stimulate  a  protective  antibody  response 
and  by  the  specificity  of  the  antibodies  whi^  are 
generated. 

All  substrains  of  C3H  mice  we  evaluated  were 
capable  of  producing  antibody  after  immuniza¬ 
tion  with  1  |ig  of  PS.  and  antibody  production 
was  associated  with  the  appearance  of  PFC  in 
the  spleen.  At  hitter  immunizing  doses  (50  |tg), 
splenic  PFC  disappeared,  although  antibody  did 
appear  in  the  serum  and  was  apparently  being 
pr^uced  at  other  sites.  This  d^ne  in  splenic 
PFC  with  higher  immunizing  doses  has  been 
described  for  other  PS  antigens  (5). 

Antibody-producing  cells  which  are  activated 
by  low  doses  of  PS  do  not  appem  in  the  spleens 
of  BALB/c  mice,  and  this  strain  produces  no 
serum  antibody  after  a  l-|ig  immunization.  Like 
C3H  mice.  BALB/c  mice  do  produce  seram 
antibody  in  nonsplenic  lymphoid  organs  after  a 
50-|ig  immunization,  but,  as  indicated  in  previ¬ 
ous  studies,  this  antibody  is  of  broader  specific¬ 
ity  than  that  produced  by  C3H  mice  (8). 

Because  BALB/c  mice  produced  antibody 
that  cross-reacts  with  IT-2  PS  and  C3H  mice  do 
not,  the  most  logical  explanation  for  toe  different 
responses  of  these  two  strains  would  be  that 
they  are  recognizing  different  determinants  on 
toe  immunizing  IT-1  PS  antigen.  By  this  mode), 
toe  determinant  recognized  by  the  BALB/c  mice 
would  be  structurally  simflar  to  determinants 
found  on  IT-2  PS,  and  BALB/c  mice  would 
therefore  produce  a  cross-reactive  antibody  af¬ 
ter  immunization  with  IT-1  PS.  However,  previ¬ 
ous  studies  have  shown  that  the  ami-IT-2  PS 
antibody  produced  by  BALB/c  mice  cannot  be 
absorbed  with  lT-1  organisms  or  PS  (8).  It 
appears  then  that  BALB/c  mice  process  this 
antigen  in  a  manner  that  stimulates  a  heteroclitic 
antibody  response  to  n’-2  PS;  i.e.,  the  anti-IT-2 
PS  antibody  produced  reacts  with  this  heterolo¬ 
gous  antigen  but  fails  to  react  with  the  homolo¬ 
gous  immunizing  antigen,  lT-1  PS. 

The  fact  that  C3H  mice  generate  splenic  PFC 
and  BALB/c  mice  do  not  suggests  torther  that 
the  IT-I  PS  antigen  is  processed  differently  in 
these  two  strains.  We  sought  to  determine, 
therefore,  whether  toe  two  characteristics  that 
distinguish  the  response  of  these  two  mouse 
strains  were  linked:  does  the  ability  to  respond 
to  a  I-U8  immunization  and  to  generate  splenic 
PFC  preclude  the  ability  to  produce  the  heterc^ 
clitic  anti-IT-2  PS  response  after  immunization 
with  50  pg  of  PS? 

The  data  for  the  (BALB/c  x  C3H)F|  mice 
indicate  that  these  two  trails  are  not  linked.  The 
F|  mice  are  capable  both  of  generating  antibody 
and  splenic  PFC  after  a  1-pg  immunization  and 
of  pr^ucing  toe  cross-reactive  antibody  after  a 
50-p.g  immunization.  We  have  found,  then,  that 
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these  two  inbfed  strains  differ  in  thdr  response 
to  IT4  PS  in  two  impotUnt  respects:  Q)  the 
optimM  inununizing  dose  of  IT*1  PS  is  different, 
and  (ii)  the  potei^  ability  to  induce  cross* 
immunotype  protection  wiUi  a  single  vaccine 
type  is  a^  different. 

Studies  with  ovalbumin  by  Dunham  and  co* 
woihcfs  (2)  provide  precedent  for  the  observe* 
tkm  that  Umiting  the  immunizing  dose  of  antigen 
restricts  the  number  cf  inbred  mouse  strains 
capable  of  responding.  In  those  experiments, 
most  strains  tested  produced  antibody  after  im¬ 
munization  «nth  tuifk  doses  of  antigen,  but  only 
strains  of  a  few  H-2  types  could  respond  to  a 
limiting  dose  of  antigen.  Dunham  et  al.  sug^t* 
ed  that  at  a  sufficiently  small  dose,  only  a  single 
determinant  of  the  complex  ovalbumin  molecule 
is  present  in  enough  quantity  to  elicit  an  anti* 
body  response  and  that  H*2-toked  genes  deter* 
mine  the  ability  of  different  inbred  strains  to 
respond  to  that  determinant. 

Although  the  ability  of  C3H  mice  to  respond 
to  the  low  dose  of  K  appears  superficially  to 
resemble  this  ovalbumin  model,  our  studies  indi* 
cate  tlut  the  genetic  basis  for  the  two  responses 
is  quite  different.  Specifically,  the  ab^  to 
re^nd  to  a  low  does  of  IT*!  PS  is  not  H-2 
linked.  C3H.SW  mice  (H*^  have  a  genetic 
background  which  is  identical  to  that  of  other 
C3H  mice  but  different  from  that  of  the  other 
C3H  mice  tested  (H-2'^)  at  the  m^or  histocom¬ 
patibility  complex.  The  C3H.SW  mice  are  still 
able  to  generate  a  typical  C3H  response  to  1  pg 
of  rr*l  PS.  It  therefore  appears  thM  the  charac¬ 
teristics  which  allow  the  response  to  1  pgof  IT*1 
PS  reside  in  genes  outside  the  H-2  complex. 

In  addition,  the  cross-breeding  studira  of  Ft 
offspring  by  the  responder  or  nonresponder  pa¬ 
rent  strain  indicate  that  the  ability  to  nspoai 
to  a  l*|tg  immunizing  dose  of  IT-1  PS  b  not 
determined  by  a  single  gene  outside  the  H-2 
complex.  In  both  parental  crosses,  a  broad  range 
of  antibody  responses  develops  (data  not 
shown).  There  does  seem  to  be  a  gene-dose 
effect,  however,  in  that  the  parent  by  F| 
backcross  that  would  be  expected  to  have  the 
greatest  number  of  C3H  genes  (F|  x  C3H)  has  a 
greater  number  of  responders  than  the  mice  with 
a  larger  proportion  of  BALB/c  genes  (F|  x 
BALB/c). 

If  the  patterns  of  responsiveness  observed  in 
these  inbred  mice  are  maintained  in  humans, 
they  would  have  important  implications  for  a 
vaccine  program.  First,  althou^  some  individ¬ 
uals  mi^t  be  able  to  respond  to  a  low  vaccine 
dose,  higher  doses  will  be  required  to  generate 
^equate  responses  in  the  greatest  number  of 
individuals.  Second,  although  after  Jmmuniza- 
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tkm  svith  IT-l  PS  some  infividuals  might  piJ| 
duce  antibodies  crosa-reactive  with  rr*2  PS. 
separate  immunization  svith  rr*2  PS  will  bt 
required  to  ensure  that  all  individuab  have  anti 
body  to  that  immunotype.  Human  studies  whid 
have  been  repotted  (9)  or  are  in  progress  (G.  Pie 
and  D.  Thomas,  submitted  for  publication)  imU 
cate  that  the  patterns  of  responsiveness  bb' 
served  in  these  inbred  mice  are  in  fimt  preservei 
in  human  responses  to  thb  PS  antigen.  i 
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Characterization  of  the  Human  Immune  Response  to  a  Polysaccharide 
Vaccine  from  Pseudomonas  aeruginosa 

Gerald  B.  Pier  and  Diane  M.  Thomas  From  the  Channing  Laboratory,  Department  of  Medicine, 

Brigham  and  Women's  Hospital  and  Harvard  Medical  School, 

Boston,  Massachusetts 

Sera  from  humans  vaccinated  with  a  high-molecular-weight  polysaccharide  vaccine  to 
Pseudomonas  aeruginosa  immunotype  1  (IT-1)  were  analy2ed  for  duration  of  the 
immune  response,  specificity  for  the  IT-I  determinant,  and  by  assessing  the  immuno¬ 
globulin  classes  elicited.  The  ability  of  purified  IgG,  IgM,  and  IgA  to  interact  with 
peripheral  blood  leukocytes,  as  well  as  purified  polymorphonuclear  neutrophils  or 
mononuclear  cells,  was  also  examined  in  an  opsonophagocytosis  assay.  Levels  of  anti¬ 
body  to  IT-1  remained  significantly  (/><  0.001)  elevated  21  months  after  immunization. 

Responses  were  generally  specific  to  the  IT-I  serotype  determinant.  Some  vaccinees 
also  responded  to  immunotype  2  and  immunotype  S  determinants.  IgG,  IgM,  and  IgA 
serum  antibodies  were  all  elicited  by  vaccination.  IgG  and  IgA  were  effective  opsonins 
for  P aeruginosa.  IgM-mediated  opsonophagocytosis  required  complement.  Serum  IgA 
was  highly  effective  in  conjunction  with  mononuclear  cells  in  opsonophagocytosis  of 
P  aeruginosa,  suggesting  that  these  immune  components  may  be  capable  of  protecting 
neutropenic  hosts. 


The  role  of  antibody,  complement,  and  phagocy¬ 
tic  cells  in  human  immunity  to  infection  with 
Pseudomonas  aeruginosa  is  well  documented. 
Studies  in  animals  [1]  and  patients  [2-4]  have  sug¬ 
gested  that  antibodies  to  the  lipopolysaccharide 
are  associated  with  protection  from  death  related 
to  P  aeruginosa  sepsis.  The  requirement  for 
phagocytic  cells  is  indicated  by  the  increased  sus¬ 
ceptibility  of  leukopenic  patients  to  P  aeruginosa 
infection  (5]  and  by  the  resistance  to  bactericidal 
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effects  of  antibody  and  complement  that  is  shown 
by  most  strains  of  P  aeruginosa  [6,  7).  One  study 
|4)  has  demonstrated  a  protective  effect  of  anti¬ 
body  to  the  lipopolysaccharide  and  exotoxin  A 
that  is  independent  of  the  PMN  level  — an  observa¬ 
tion  suggesting  that  antibody-mediated  resistance 
may  be  independent  of  white  blood  cells.  Thus,  it 
appears  possible  that  the  chances  of  surviving 
P  aeruginosa  sepsis  may  be  increased  in  persons 
whose  levels  of  type-specific  antibody  can  be  aug¬ 
mented  by  vaccination. 

Vaccines  against  P  aeruginosa  that  have  been 
tested  in  the  past  have  contained  lipopolysaccha¬ 
ride  (8-10).  The  toxicity  of  these  preparations  has 
precluded  their  routine  use  in  patients.  We  have 
been  exploring  the  vaccine  potential  of  a  high- 
molecular-weight  polysaccharide  preparation  iso¬ 
lated  from  culture  supernatants  of  P  aeruginosa. 
High-molecular-weight  polysaccharides  contain 
the  serotype  (immunotype)  determinant  that  is 
also  found  on  the  “0”-polysaccharide  side  chain 
of  the  lipopolysaccharide.  However,  high-molecu¬ 
lar-weight  polysaccharides  differ  from  the  O-poly- 
saccharide  side  chain  by  molecular  size,  monosac¬ 
charide  composition,  and  immunogcnicity  in  ani¬ 
mals  111-13).  In  addition,  high-molecular-weight 
polysaccharides  differ  from  the  lipopolysaccharide 
in  terms  of  toxicity,  monosaccharide  composition, 
and  the  absence  of  lipids  (11-13).  Our  previous 
report  (14)  indicated  that  the  high-molecular- 
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weight  polysaccharide  vaccine  prepared  from  an 
immunotype  1  (IT-1)  strain  of  P  aeruginosa  was 
immunogenic  in  adult  volunteers,  inducing  signifi¬ 
cant  increases  in  both  binding  and  opsonic  anti¬ 
body  by  two  weeks  after  immunization.  The  only 
adverse  reaction  to  the  vaccine  was  a  slightly  sore 
and  tender  arm  at  the  site  of  injection  24  hr  after 
vaccination.  In  this  report  we  characterize  further 
the  immune  response  to  this  P  aeruginosa  vaccine. 

Materials  and  Methods 

Antisera.  Antisera  were  obtained  from  volun¬ 
teers  immunized  with  one  lot  of  a  high-molecular- 
weight  polysaccharide  vaccine  prepared  from  IT-1 
P  aeruginosa  [14].  The  collected  sera  were  stored 
at  -20C. 

Serologic  methods.  Levels  of  antibody  were 
determined  by  means  of  a  quantitative  radioactive 
antigen-binding  assay  (14,  15],  The  antigens  used 
in  this  assay  were  intrinsically  **C-labeIed  poly¬ 
saccharide  antigens  prepared  from  the  seven  Fisher 
immunotype  strains  of  P  aeruginosa  [16].  Each 
polysaccharide  shared  serologic  specificity  with 
the  O-polysaccharide  side  chain  on  the  corre¬ 
sponding  lipopolysaccharide  (17). 

The  classes  of  immunoglobulin  present  in  serum 
obtained  before  and  after  immunization  were 
determined  in  a  radioimmunoprecipitin  test  (18). 
Each  antiserum  was  allowed  to  react  for  2  hr  at  37 
C  with  five  times  the  amount  of  '^C-labeled  poly¬ 
saccharide  known  to  bind  completely  to  the  anti¬ 
body  present  in  that  antiserum.  After  this  period, 
antiserum  to  human  IgG,  IgM,  or  IgA  (Miles  Bio- 
chemicals,  Elkhart,  Ind)  was  added  to  the  test 
mixtures.  The  amount  added  was  determined  for 
each  lot  of  antiserum  in  a  quantitative  precipitin 
assay  in  which  100-200  ^1  of  antiserum  to  immu- 
noglobulin/IOO  fil  of  test  serum  was  generally 
used.  The  antiserum  to  immunoglobulin  was 
allowed  to  precipitate  the  immunoglobulin  present 
in  the  test  sera  during  incubation  at  4  C  for  18  hr. 
Precipitates  were  centrifuged  and  washed  once 
with  0.5  ml  of  ice-cold  PBS.  The  pellets  were  dis¬ 
solved  in  Protosol*  and  Liquiflor/Toluene*  (New 
England  Nuclear,  Boston,  Mass)  and  counted  in  a 
scintillation  counter.  The  percentage  of  each  im¬ 
munoglobulin  isotype  present  in  the  test  sera  was 
calculated  by  the  following  formula:  (cpm  bound 
by  individual  immunoglobulin  isotype  -  back¬ 
ground)  X  100/(cpm  bound  by  all  three  isotypes 
-  background). 


Opsonophagocytic  assay.  Opsonophagocyto- 
sis  of  live  IT-1  P  aeruginosa  was  performed  as 
previously  described  (14).  In  some  experiments  the 
organisms  were  opsonized  with  specific  immuno¬ 
globulin  isotypes  prior  to  the  addition  of  phago¬ 
cytic  cells  and  complement.  Immunoglobulins  and 
bacteria  were  incubated  for  30  min  at  4  C,  and  the 
bacteria  then  were  washed  with  minimal  essential 
medium  (MEM).  The  opsonized  and  washed  bac¬ 
teria  were  added  to  a  suspension  of  human  periph¬ 
eral-blood  leukocytes  and  a  i:S  dilution  of  guinea 
pig  complement  for  determination  of  killing  dur¬ 
ing  incubation  at  37  C.  The  percentage  killed  at 
each  time  point  was  determined  by  the  following 
formula;  percentage  killed  =  100  —  ((number  of 
bacteria  alive  x  100]/(number  of  bacteria  in¬ 
oculated  into  tube]). 

Purification  of  phagocytic  cells.  Peripheral- 
blood  leukocytes  were  obtained  by  sedimentation 
of  whole  venous  blood  on  a  dextran  T-70  gradient, 
as  described  (14).  Leukocytes  were  separated  into 
monocyte  and  PMN  populations  by  density-gradi¬ 
ent  centrifugation  of  heparinized  whole  venous 
blood  on  lymphocyte  separation  medium  (Litton 
Bionetics,  Kensington,  Md).  The  mononuclear  cell 
band  was  recovered,  washed  three  times  with 
MEM,  and  resuspended  to  the  desired  concentra¬ 
tion  (10’  live  cells/ml)  in  MEM  after  counting  with 
trypan  blue  dye.  The  PMN  pellet  was  resuspended 
in  MEM  and  placed  on  a  dextran  T-70  gradient  for 
further  purification,  as  described  (14],  These  cells 
were  also  suspended  in  MEM  to  a  concentration 
of  10’  live  cells/ml  after  isolation.  The  purity  of 
the  cell  populations  was  checked  by  differential 
counting  after  staining  with  Wright’s  stain.  Purity 
of  >95%  was  always  observed. 

Separation  of  immunoglobulin  isotypes.  Im¬ 
munoglobulin  isotypes  w'ere  separated  into  puri¬ 
fied  IgG,  IgM,  and  IgA  by  two  methods.  The  first 
was  the  in-line  chromatographic  separation  of 
immunoglobulin  isotypes  described  by  Griffiss  et 
al  (19].  In  the  second  procedure,  the  removal  of 
IgM  by  binding  to  QAE  Sephadex  (IgMsorb*  col¬ 
umns;  Isolab,  Akron,  Ohio)  was  followed  by  the 
recovery  of  the  eluate  containing  IgG  and  IgA. 
The  IgM  was  eluted  from  the  Sephadex  column  as 
recommended  by  the  manufacturer  and  was  ex¬ 
changed  into  MEM  by  passage  over  a  PD-10  salt 
exchanger  column  (Pharmacia  Fine  Chemicals, 
Piscataway,  NJ).  The  IgM  was  stored  at  -80  C. 
The  eluate  containing  IgG  and  IgA  was  next  passed 
over  a  column  of  protein  A  Sepharose  (Pharma- 
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cia)  for  binding  of  the  IgG.  The  IgA  fraction  was 
then  recovered  as  the  eluate  from  the  Sepharose 
column.  The  IgG  that  was  bound  to  the  column 
was  eluted  with  0.1  M  glycine-HCl  buffer  (pH  3.0), 
exchanged  into  MEM  over  a  PD- 10  column,  and 
stored  at  -  80  C.  The  IgA-containing  eluate  of  the 
protein  A-Sepharose  column  was  passed  over  a 
column  of  antiserum  to  human  IgG  and  antiserum 
to  human  IgM  covalently  linked  to  Sepharose  4B. 
The  eluate  from  this  column  was  collected,  ex¬ 
changed  into  MEM,  and  stored  at  -  80  C.  The  im¬ 
munoglobulin  isotype  level  in  each  of  the  fractions 
collected  was  measured  on  Tri-Partigen*  single 
radioimmunodiffusion  test  plates  (Calbiochem- 
Behring,  La  Jolla,  Calif).  The  purity  of  these  im¬ 
munoglobulin  isotype  preparations  was  checked; 
LC-Partigen*  plates  (Calbiochem-Behring)  were 
used  for  detection  of  low  levels  of  specific  immu¬ 
noglobulin.  Only  preparations  showing  >97% 
purity  of  the  desired  isotype  were  used  in  the  ex¬ 
periments  that  have  been  described. 

Statistics.  Statistical  differences  in  levels  of 
antibody  were  calculated  by  a  /-test. 

Results 

Duration  of  antibody  response.  Of  the  42  per¬ 
sons  who  received  the  polysaccharide  vaccine,  32 
responded  with  a  twofold  or  greater  increase  in 
levels  of  antibody  binding  (14).  Table  1  documents 
the  geometric  mean  levels  of  specific  antibody  six 
to  nine  months  and  16-21  months  after  immuniza¬ 
tion  in  some  of  these  32  \accinees.  Our  previously 
published  data  on  antibody  levels  at  six  months  in¬ 
cluded  only  12  vaccinecs  who  received  a  single 
dose  (150  Hg)  of  vaccine  I14|.  Six  to  nine  months 
and  16-21  months  after  vaccination,  specific  anti¬ 
body  levels  remained  significantly  (P  <  O.flOl) 

Table  1.  Duration  of  immune  rcspon-.c  in  recipients  of 
polysaccharide  vaccine  against  IT- 1  P  acruyinosa. 

(lOtJrnciris.’  mean  (  ?  SI)) 

Tune  (no.  of  \aecinccs)  amihodv  level  (ml’- ml) 

Before  vaeein.uiiui  < ^0)  6.4  *  2.0 

Afier  vaeeinaiion 

6-9  monilo  ( Mt)  2.V0  ^  ,W 

i6-2l  months  (ffl’  47.9  *  2  9* 

•  /*  •:  0  (M)l 

^  IJevcn  ol  Jlie  .^o  v.u\inees  .i\ail,ihle  for  aniihodv  deicrmina- 
tion  mtJiuhs  alier  iinniuni/.uiiui  \veie  al^o  avail.ihle  at  16-21 
rnonlhs 


elevated  over  values  before  immunization.  The 
antibody  levels  observed  at  16-21  months  appear 
to  be  higher  than  those  at  six  to  nine  months,  but 
the  group  available  for  antibody  determinations  at 
the  latter  time  was  only  a  small  subset  of  the  initial 
group  of  vaccinees.  The  results  indicate  that  the 
single  dose  of  vaccine  was  sufficient  for  the  main¬ 
tenance  of  elevated  levels  of  specific  antibody  over 
an  extended  period. 

Response  to  heterologous  P  aeruginosa  polysac¬ 
charide  inimunotypes.  Each  sample  of  immune 
serum  collected  after  immunization  with  the  IT-1 
polysaccharide  was  examined  for  increased  levels 
of  antibody  to  the  high-molecular-weight  polysac¬ 
charide  isolated  from  P  aeruginosa  of  immuno- 
types  2-7  (IT-2  through  IT-7),  as  described  by 
Fisher  et  al  (16].  Of  the  42  persons  immunized 
(seven  with  50  pg,  five  with  75  fig,  12  with  150  pg, 
and  18  with  250  pg).  seven  had  elevated  levels 
(twofold  or  greater  increase)  of  antibody  to  the 
IT-2  polysaccharide  two  to  four  weeks  after  im¬ 
munization,  and  three  had  elevated  levels  to  the 


Table  2.  Immunoglobulin  isotypes  in  serum  from  re¬ 
cipients  of  P  aeruginosa  IT-1  polysaccharide  vaccine. 


Dose  in  uS-  time. 

Total  antigen  bound 
by  serum 

(no.  of  vaccinees) 

IgG 

IgM 

IgA 

250 

Before  immunization  (12l 

54.7 

16.6 

28.6 

After  immunization 

28  days (|5) 

48.6 

11.6 

39.7 

6  months  ( lot 

48. • 

12.0 

39.3 

150 

Before  immunization  1 1  It 

49  I 

29.6 

21.3 

.After  immunization 

2S  days (Si 

56.5 

28.0 

15.5 

6  inonilis  ( Id) 

55  4 

28.3 

16.3 

licloic  imnumizaiHMi  i;i 

59. S 

12.2 

18.1 

28  days  alter 
immunization  (2) 

.r  1 

1 1.4 

51.4 

.SO 

Before  iinmumz.itu'ii  i-i 

5,3.' 

5.8 

37.8 

28  Jays  atie: 

iimnufiizaiMii  (3) 

58  3 

16  6 

23.8 

•  The  nunihcr  ol  vavcince-v  varic''  hceauM.-  in  some  instances 
ilie  level  oJ  aniibvHly  binJuie  was  insufficient  for  the  detection 
of  iininunoelobulm  isotspC'  and  in  some  instances  sera  were  un¬ 
available  U»r  siudv  Siv-nu'nih  serum  samples  from  recipients 
of  50-  and  75-^ie  iKtscx  w-ere  not  studied  because  an  insufficient 
number  vsere  available 

*  Results  tepiv^em  averaee  peteemaees  t>l  specific  immuno- 
cfobulin  isoivpov  tound  in  all  seta  studied 
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lT-5  polysaccharide  at  this  time.  Six  of  the  seven 
persons  responding  to  the  IT-2  polysaccharide  and 
all  three  responding  to  the  IT-5  polysaccharide  re¬ 
ceived  the  largest  dose  of  vaccine.  Thus,  all  but 
one  of  the  persons  receiving  smaller  doses  responded 
only  to  the  IT-1  polysaccharide.  These  data  are 
consistent  with  previously  reported  results  in  ani¬ 
mals;  in  those  studies,  responses  to  heterologous 
polysaccharide  determinants  occurred  only  after 
large  doses  of  the  polysaccharide  vaccine  [20]. 

Immunoglobulin  isolypes  associated  with  re¬ 
sponse  to  the  IT- 1  polysaccharide  vaccine.  T able 
2  shows  the  percentages  of  lT-1  polysaccharide- 
specific  IgG,  IgM,  and  IgA  in  sera  of  vaccinees. 
These  determinations  were  made  in  specimens  of 
serum  obtained  before  immunization,  28  days  af¬ 
ter  immunization,  and  six  to  nine  months  after  im¬ 
munization.  The  relative  proportions  of  IT-1  poly¬ 
saccharide-specific  IgG,  IgM,  and  IgA  remained 
unchanged  after  immunization,  although  binding 
levels  were  considerably  higher  on  day  28  and  later 
than  they  had  been  before  immunization  (table  1). 
IgM  was  seen  in  a  few  vaccinees,  in  some  cases  for 
as  long  as  six  to  nine  months  after  immunization. 


IgG  was  the  predominant  antibody  in  most  vac¬ 
cinees,  but  IgA  also  accounted  for  a  significant 
proportion  of  the  IT-1  polysaccharide-specific 
antibody  response. 

Opsonophagocytosis  of  IT-J  P  aeruginosa  with 
isolated  immunoglobulin  isotypes.  Purified  im¬ 
munoglobulin  isotypes  (purity,  >97%)  were  ob¬ 
tained  from  selected  immune  sera  and  tested  for 
their  ability  to  mediate  opsonophagocytosis  by 
peripheral-blood  leukocytes.  Figure  1  shows  the 
ability  of  whole  serum  and  isolated  IgG,  IgM,  and 
IgA— with  and  without  added  complement  — to 
mediate  phagocytic  killing  of  P  aeruginosa  during 
1  hr.  In  this  assay  all  of  the  components  (immuno¬ 
globulin  isotype  or  serum,  phagocytic  cells,  com¬ 
plement,  and  bacteria)  were  added  together  at  the 
start  of  the  test.  The  amount  of  immunoglobulin 
was  always  greater  than  that  needed  for  maximal 
binding  to  bacterial  cells.  Optimal  killing  at  60 
min  was  obtained  with  IgG  plus  complement;  the 
level  of  killing  was  analogous  to  that  with  whole 
serum  plus  complement.  Deletion  of  complement 
from  the  reaction  mixture  decreased  IgG-mediated 
killing  by  '^•0.5  log  (20%  fewer  bacteria  killed). 


Figure  1.  Opsonophagocytic  killing 
of  IT-1  P  aeruginosa  by  whole  serum 
(WS)  and  isolated  immunoglobulin 
isotypes,  with  and  without  comple¬ 
ment  (C),  over  a  60-min  period  of  in¬ 
cubation  at  37  C.  Left  ordinate  shows 
counts  of  bacteria  surviving;  right  or¬ 
dinate  shows  percentages  of  input 
inoculum  killed. 
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This  result  was  comparable  to  the  decrease  in  kill¬ 
ing  with  whole  serum  in  the  absence  of  comple¬ 
ment  (0.8  log,  or  25*70  fewer  bacteria  killed). 

IgA  antibody  was  capable  of  mediating  killing 
of  ~0.55  log  (75*70)  of  the  input  inoculum  at  I  hr. 
The  addition  of  complement  had  no  effect  on  IgA- 
mediated  opsonic  killing.  IgM  plus  complement 
killed  ~0.3  log  (45*7o)  of  the  input  inoculum  by  1 
hr.  Deletion  of  complement  from  the  IgM  reaction 
mixture  essentially  removed  the  ability  of  IgM  to 
mediate  opsonic  killing  of  P  aeruginosa. 

Next,  the  ability  of  serum  IgA  to  inhibit  or  block 
IgG-  and  IgM-mediated  opsonophagocytosis  was 
tested.  Organisms  were  first  coated  with  IgA  for 
30  min  at  4  C  and  washed;  immune  IgG  or  IgM 
plus  complement  and  peripheral  blood  leukocytes 
were  then  added  to  the  reaction  mixture.  The  re¬ 
sults  showed  that  IgA  did  not  interfere  with  IgG- 
or  IgM-mediated  killing  of  live  cells.  In  this  sys¬ 
tem,  killing  of  >0.9  log  (90*7#  of  the  input  inocu¬ 
lum)  was  mediated  by  specific  IgA  alone. 

Interaction  of  isolated  immunoglobulin  isotypes 
with  purified  mononuclear  cells  or  PMNs.  Mono¬ 
cyte  and  PMN  populations  were  purified  by  dif¬ 
ferential  centrifugation  on  lymphocyte  separation 
medium  and  dextran  sedimentation.  These  prepa¬ 
rations  were  tested  for  their  ability  to  interact  with 
each  of  the  isolated  immunoglobulin  isotypes, 
with  and  without  complement,  in  an  opsono¬ 
phagocytosis  experiment.  Bacteria  were  opsonized 
with  specific  isotypes  and  then  washed  prior  to 
addition  of  the  purified  phagocytic  cells  and  com¬ 
plement.  In  order  to  ensure  complete  opsonization 
of  bacteria,  we  measured  the  decrease  in  binding 
activity  (ng  of  antigen  bound/ 100  >.<1)  for  the  iso¬ 
lated  isotypes  after  opsonization.  In  all  cases,  a 
measurable  reduction  in  binding  was  noted;  this 
result  indicated  adequate  coating  of  the  bacteria 
by  specific  immunoglobulins.  Table  3  shows  that 
in  the  presence  of  complement  and  PMNs,  IgG 
and  IgA  mediated  about  equal  killing  (0.64  and 
0.66  log,  respectively)  of  the  input  inoculum  after 
60  min  of  incubation.  IgM  plus  complement  and 
PMNs  killed  only  half  as  many  bacteria  (0.23  log) 
as  did  IgG  or  IgA  plus  complement.  Deletion  of 
complement  reduced  IgG-mediated  phagocytic 
killing  to  0.39  log  (l8*7o  fewer  bacteria  killed), 
IgA-mediated  killing  to  0.24  log  (36*7o  fewer  bac¬ 
teria  killed),  and  IgM-mediated  killing  to  0.02  log. 
Thus,  IgM  without  complement  was  not  able  to 
facilitate  the  killing  of  P  aerugino.sa  in  the 


Table  3.  Mediation  ofopsonophagocytic  killing  of  IT- 1 
P  aeruginosa  by  purified  serum  immunoglobulin  isotypes, 
with  and  without  complement  (C),  in  the  presence  of 
isolated  peripheral-blood  PMNs  and  mononuclear  cells. 


Cell  type,  components  added 

Log  10  kill  of  initial 
inoculum  at  60  min 
(Vt  killed)* 

PMNs 

IgG,  C 

0.64  (77) 

IgG 

0.39  (59) 

IgA,  C 

0.66  (78) 

IgA 

0.24  (42) 

IgM,  C 

0.23  (41) 

IgM 

0.02  (5) 

C 

0 

Medium 

0.03  (6) 

Mononuclear  cells 

IgG.  C 

0.35  (55) 

IgG 

0.22  (40) 

IgA.  C 

0.62  (76) 

IgA 

0.49  (68) 

IgM.  C 

0.29  (49) 

IgM 

0.02  (5) 

C 

0 

Medium 

0 

*  A  value  of  0  indicates  growth  in  the  tube  during  a  60-min 
incubation  period. 


presence  of  PMNs.  The  potentiation  of  IgA- 
mediated  killing  by  complement  was  probably  due 
to  nonspecific  activation  of  complement  by  either 
agglutinated  organisms  or  IgA  aggregates  on  the 
surface  of  the  bacteria. 

When  mononuclear  cells  were  tested  for  their 
ability  to  kill  bacteria  coated  with  the  isolated  im¬ 
munoglobulin  isotypes,  IgA  plus  complement  was 
found  to  mediate  the  best  killing  (0.62  log,  table 
3).  Without  complement,  IgA  and  monocytes 
killed  only  8*7o  fewer  bacteria  (0.49  log).  IgG  plus 
complement  and  monocytes  killed  55%  of  the 
input  inoculum  (0.35  log),  while  IgM  plus  com¬ 
plement  and  mononuclear  cells  killed  49*3’o  (0.29 
log).  IgM-mediated  killing  by  mononuclear  cells 
was  negligible  in  the  absence  of  complement  (0.02 
log)  whereas  IgG  and  monocytes  without  comple¬ 
ment  mediated  killing  of  40<7o  of  the  input  inocu¬ 
lum  (0.22  log). 

Discussion 

These  data  represent  a  detailed  analysis  of  the 
human  immune  response  to  the  high-molecular- 
weight  polysaccharide  vaccine  from  IT- 1  Paerugi- 
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nosa.  We  found  that  a  single  dose  of  this  vaccine 
resulted  in  long-term  elevation  of  levels  of  anti¬ 
body  specific  for  the  IT-1  polysaccharide  determi¬ 
nant.  We  also  found  responses  to  heterologous 
polysaccharide  immunotypes  in  some  vaccinees 
receiving  large  doses  of  the  vaccine.  In  addition, 
we  noted  that  the  ratio  of  serum  immunoglobulins 
specific  for  the  IT-I  polysaccharide  was  unaf¬ 
fected  by  vaccination.  Most  vaccinees  had  IgG  as 
the  predominant  serum  antibody,  while  a  few  had 
high  levels  of  IgM  antibody.  All  three  of  the  serum 
immunoglobulin  isotypes  interacted  with  phago¬ 
cytic  cells  from  peripheral  blood  to  mediate  killing 
of  P  aeruginosa.  Complement  was  required  for 
IgM-mediated  phagocytic  killing,  potentiated 
IgG-mediated  killing,  and  was  not  necessary  for 
IgA-mediated  killing.  IgA  did  not  block  opsono- 
phagocytosis  mediated  by  IgG  or  IgM  plus  com¬ 
plement. 

The  association  of  large  doses  of  vaccine  (2S0 
pg)  with  human  responses  to  heterologous  poly¬ 
saccharide  antigens  is  consistent  with  previous 
findings  in  animals  [20].  This  association  may  be 
due  to  stimulation,  by  large  antigen  doses,  of  anti¬ 
bodies  with  a  low  affinity  for  IT-1  polysaccharide 
but  a  high  affinity  for  heterologous  polysaccha¬ 
ride  determinants.  This  result  is  probably  based  on 
the  structural  similarity  of  the  IT-1  and  lT-2  poly¬ 
saccharide  antigenic  determinants.  Thus,  large 
doses  of  antigen  may  stimulate  lymphocyte  clones 
with  specificity  for  structurally  related  polysac¬ 
charide  determinants.  The  fact  that  we  were  un¬ 
able  to  elicit  antibodies  to  heterologous  polysac¬ 
charide  determinants  consistently  with  the  IT-I 
polysaccharide  vaccine  suggests  that  a  comprehen¬ 
sive  multivalent  vaccine  to  P  aeruginosa  would 
need  to  include  polysaccharide  immunotypes  from 
all  clinically  important  strains. 

Previous  data  on  the  relative  role  of  IgG  and 
IgM  antibodies  in  promoting  opsonophagocytosis 
of  P  aeruginosa  have  suggested  that  IgG  opsonins 
are  more  effective  (I,  21,  22).  We  confirmed  that 
observation,  utilizing  antibody  with  specificity  to 
the  IT- 1  polysaccharide.  However,  the  authors  of 
previous  studies  have  not  considered  the  role  of 
serum  IgA.  Reynolds  et  al  [21]  studied  the  ability 
of  specific  secretory  IgA  and  IgG  antibodies  to 
promote  opsonophagocytic  killing  of  live  P  aeru¬ 
ginosa  by  human  alveolar  macrophages.  Their 
studies  showed  that  IgG  antibody  and  alveolar 
macrophages  were  effective  in  killing  Pnerng/wosa 


but  that  secretory  IgA  and  alveolar  macrophages 
were  not.  We  found  that  serum  IgA  and  peripher¬ 
al-blood  leukocytes  killed  a  high  proportion  of  the 
initial  inoculum  of  P  aeruginosa  and  that  this  kill¬ 
ing  was  independent  of  complement.  IgM,  how¬ 
ever,  appeared  to  have  an  absolute  requirement 
for  complement  in  mediating  opsonophagocytic 
killing.  IgG  promoted  phagocytic  killing  in  the 
absence  of  complement,  but  levels  of  killing  were 
higher  in  the  presence  of  complement. 

In  experiments  testing  the  interaction  of  the 
three  major  serum  immunoglobulin  isotypes  with 
isolated  mononuclear  cells  and  PMNs,  we  demon¬ 
strated  killing  of  P  aeruginosa  in  all  cases.  The 
requirement  for  complement  in  IgM-mediated 
killing  probably  reflects  the  lack  of  receptors  for 
IgM  on  phagocytic  cells  [23].  With  PMNs,  IgG 
best  promoted  phagocytic  killing;  with  mononu¬ 
clear  cells,  IgA  was  the  best  mediator.  Although 
our  purified  IgA  preparation  may  have  contained 
low  levels  of  IgG  (up  to  3Vo),  it  is  unlikely  that  this 
IgG  was  responsible  for  the  opsonic  activity  of  the 
IgA  preparation  in  conjunction  with  monocytes. 
IgA  consistently  mediated  opsonic  killing  with 
monocytes  better  than  did  IgG  of  >97%  purity 
(table  3).  If  contaminating  IgG  in  IgA  prepara¬ 
tions  had  been  responsible  for  the  opsonic  killing 
activity  of  IgA,  we  would  have  expected  to  see  less 
killing  with  IgA  than  with  purified  IgG.  This  was 
not  the  case.  On  the  other  hand,  low  levels  of  IgG 
in  IgA  preparations  may  have  accounted  for  the 
opsonic  activity  of  IgA  and  PMNs.  For  IgG  and 
IgA,  the  level  of  killing  with  complement  and 
PMNs  was  comparable,  as  was  the  decrease  in  kill¬ 
ing  when  complement  was  deleted.  Thus,  these 
data  do  not  indicate  whether  PMNs  and  IgA  can 
mediate  opsonic  killing  of  P  aeruginosa.  Alterna¬ 
tively,  the  enhancement  of  IgA-mediated  killing 
by  complement  in  conjunction  with  PMNs  may 
have  been  an  artifact  of  the  experimental  system 
used  here,  which  led  to  nonspecific  activation  of 
the  complement  pathway  by  IgA-coated  orga¬ 
nisms.  Since  PMNs  arc  known  to  have  receptors 
for  C3b  [24) .  the  deposition  of  this  complement 
component  on  the  surface  of  the  cells  probably 
contributed  to  the  enhancement  of  phagocytic  kill¬ 
ing  of  IgA-coated  bacteria  by  PMNs. 

1  he  ability  of  both  PMNs  and  monocytes  to  kill 
P  aeruginosa  opsonized  with  IgG  and  IgA  is  prob¬ 
ably  due  to  receptors  for  the  Fc  portion  of  these 
immunoglobulins  on  human  peripheral-blood  cells. 


• 


Fanger  et  al  [25)  showed  that  both  purified  PMNs 
and  monocytes  express  receptors  for  IgA.  These 
authors  and  Lawrence  et  al  [23]  showed  that  PMNs 
and  monocytes  also  express  receptors  for  IgG.  In 
contrast,  the  latter  authors  [23|  found  that  mono¬ 
cytes  bind  IgGl  and  lgG3  antibodies  but  not  IgA, 
whereas  PMNs  bind  these  IgG  antibodies  as  well 
as  IgA  antibodies.  Lowell  et  al  (26]  showed  that 
IgA  purified  from  the  sera  of  patients  convales¬ 
cing  from  infection  with  group  C  Neisseria  menin¬ 
gitidis  is  able  to  bind  to  human  monocytes  and  to 
mediate  antibody-dependent  cellular  cytotoxicity 
against  N  meningitidis.  This  evidence  further  sup¬ 
ports  the  contention  that  human  monocytes  have 
receptors  for  serum  IgA.  Secretory  IgA,  on  the 
other  hand,  does  not  appear  to  interact  effectively 
with  human  peripheral-blood  cells;  Reynolds  et  al 
(21)  demonstrated  this  point  in  experiments  with 
P  aeruginosa,  and  Wilson  (27)  showed  that 
human  secretory  IgA  is  not  effective  in  opsonizing 
Staphylococcus  aureus  for  in  vitro  phagocytic  kill¬ 
ing.  Cooper  and  Rowley  (28)  showed  that  lung 
clearance  of  organisms  opsonized  with  immune 
serum  is  enhanced  in  the  presence  of  IgG  but  not 
of  secretory  IgA;  this  evidence  also  supports  the 
contention  that  alveolar  macrophages  lack  recep¬ 
tors  for  secretory  IgA.  Our  data,  however,  sup¬ 
port  the  idea  that  circulating  monocytes  have  re¬ 
ceptors  for  serum  IgA.  If  such  receptors  are  also 
present  on  phagocytic  cells  in  the  reticuloendothe¬ 
lial  system,  then  elevated  serum  levels  of  P  aeru- 
g/nosa-specific  IgA  may  be  important  in  protect¬ 
ing  the  neutropenic  host. 

The  high-molecular-w  eight  polysaccharide  vac¬ 
cine  from  IT-1  P  aeruginosa  elicits  an  immune 
response  of  long  duration.  This  immune  response 
consists  of  immunoglobulin  isotypes  that  are  all 
capable  of  mediating  opsonophagocytosis  of  P  aer¬ 
uginosa.  IgM-mcdiated  opsonophagocytosis  is 
dependent  on  complement.  In  light  of  these  re¬ 
sults,  we  plan  to  test  this  vaccine  further  in  phase 
1 1  human  trials,  and  we  hope  to  develop  polysac¬ 
charide  vaccines  from  other  important  serotypes 
of  P aeruginosa.  The  ultimate  efficacy  of  this  vac¬ 
cine  in  populations  at  risk  will  depend  on  numer¬ 
ous  other  factors  not  studied  here.  However,  these 
results  arc  encouraging  because  they  show  that  the 
immune  response  is  long  lasting,  that  the  immuno¬ 
globulin  isotypes  induced  are  appropriate  for  the 
killing  of  live  cells,  and  that  vaccine  administra¬ 
tion  is  not  associated  with  adverse  reactions. 
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Previously  published  reports  on  high-molecular-weight  polysaccharides  from 
immunotype  1  and  2  of  Pseadotnonas  acriifiinoui  indicated  the  presence  of  high 
levels  of  mannose  in  these  preparations.  This  mannose  has  been  found  to  be  due 
to  the  presence  of  a  yeastlike  mannan  in  high-molecular-weight  polysaccharide 
preparations.  The  source  of  the  mannan  was  found  to  be  the  tryptic  soy  broth  used 
to  grow  the  bacteria.  Mannan  could  be  removed  from  the  polysaccharide 
preparations  by  chromatography  over  columns  of  concanavalin  A-^pharose.  The 
resulting  polysaccharides  had  the  same  serological  reactivity  against  rabbit 
antisera  and  the  same  immunogenic  properties  in  mice  as  did  the  mannan- 
containing  polysaccharides.  Comparison  of  mannan-depleted  polysaccharide  with 
preparations  of  high-molecular-weight  ptdysaccharide  obtained  from  either  ultra- 
filtered  tryptic  soy  broth  or  a  chemically  defined  medium  showed  that  these 
pol\ saccharides  were  imnuinologically  and  chemically  similar.  Human  immune 
responses  to  mannan-depleted  polysaccharide  from  the  immunotype  1  strain  of 
P.  aeriti’inosa  were  comparable  with  those  previously  seen  in  humans  receiving 
mannan-containing  polysaccharides.  Thus,  wc  found  that  P.  iii’riifiinoita  high- 
molecular-weighi  polysaccharides  prepared  in  cither  trypiic  soy  broth  and  then 
subjected  to  concanavalin  A-Sepharose  chromaurgraphv .  ultrahllered  tryptic  soy 
broth,  or  a  chemically  defined  ntedium  were  imnuinologically  and  chemically 
comparable. 


1  he  safety  and  iminunogenicity  ol  high-molcc- 
ular-weigtil  polysaccharide  (I’S)  Ironi  imniuno- 
type  I  I'sciiiliiinoiias  ticrni.’in<i\ii  has  been  estab¬ 
lished  in  humans  (9).  I'he  basis  lor  (his  trial  was 
ihc  finding  lhal  high-molecular-wciuhl  I’S  could 
be  isolated  from  culture  supernaics  of  /’  aern- 
tjinosa  and  that  this  material  was  immunogenic 
in  animals  (12.  1.^)  and  protected  mice  from 
intraperiioncal  chtillenge  with  live  org.inisms 
(II.  I2l.  High-molecular-weighl  I’.S  appears  to 
be  an  immtinogeme.  nontovic  form  of  (he  hpo 
polysaccharide  (l.l’S)  "O  '  side  eh.iin  .\  h.df 
mark  that  distinguishes  I’.S  from  LI’S  and  LI’S  <) 
side  chains  has  been  the  chemical  composition 
of  I’S.  One  of  these  chemical  distinctions  has 
been  the  presence  of  high  levels  of  mannose  in 
PS  preparations,  levels  not  seen  in  LI’S  (2.  ini. 
Investigations  into  the  structure  of  the  high- 
molecular-weight  PS  from  immunotype  1  /’. 
aeniiiiiiosa  led  to  the  identification  of  a  yeastlike 
mannan  in  these  preparations.  This  mannan  was 
found  by  mcthylation  analysis  (1.  .^l  to  be  a 
highly  branched  polymer  of  alpha  (1-2)-  and 
alpha  (L6)-linked  mannopyranosyl  residues.  L\- 
ploration  of  the  role  of  the  mannan  in  the  serolo¬ 


gical  and  immunogenic  activity  of  high-molecu¬ 
lar-weight  I’S  from  both  immunotype  1  and  2  /’. 
acravinosa  led  to  the  finding  that  mannan  was 
separable  from  the  serologically  active  and  im¬ 
munogenic  components.  This  report  comptires 
the  immunochemical  properties  of  immunotype 
1  and  2  I’S  lacking  mannan  with  the  previtiusly 
described  properties  of  PS  containing  mannan 
from  these  strains  of ucnininosa.  In  addition, 
we  estiinined  the  human  immune  response  to 
mannan-depleted  PS  from  the  immunotype  1 
strain  tif  acriit.’ini>sa. 

M  \  I EKIALS  AM)  METHODS 

Kaeirria.  Iniimiiioope  1  and  2  strains  of  l‘  urmei- 
n.tso.  oiigin.ilb  obt.imed  from  M.  Eisher,  Detroit. 
Mich.,  weie  ii'cd  Ihniughoiil  the  sliidy. 

..\ntiuriis.  I  oi  iinnuinoclieniical  analyses  and  animal 
siiidies.  hieh-nioleciil.ii -weight  I’S  from  ininninoiype  I 
.md  2  slr.ims  of  /•.  oeriieinosn  were  prepared  from 
thiee  dilleienl  media  as  previoiislv  described  (9.  12. 
I  fi.  I  he  media  employed  were  iinniodilied  tryptic  soy 
broth  (ISHi  with  sodium  aeelaie.  uliraliliered 
irypnc  soy  broth  (LI  -  ISIII  with  ,V;  soduini  acetate, 
prepared  by  p.issage  of  fSH  through  lU.OtKI-moIccu- 
l.ir-weighi  ciitofl  membranes,  and  the  ehemieally  de¬ 


fined  me, 
(15).  To 
materials 
purified  f 
navalin  i 
Sepharos 
N.J.)  in  b 
1  mM  e 
Merthiof 
Human 
from  imn 
culture  s 
TSB  thci 
chromal*- 
were  ma. 
chussetts 
into  hum. 
als  were 
animals  a 
lion  regu 
conseni  • 
adminisii 
was  obla 
Human  )  ' 
Women-  I 
Miliigr  ' 
lions  on  i 
describe!  \ 
1.  enis  w,  •' 
Slimulati 
counts  p  j. 
stimulate  ’ 
rated  mb  | 
.Serutri)  P 
for  serol  y' 
Sion  gels 
were  ab  *’ 
pieparat  *, 
c  r  c  V I » ! 


pariNon 
n>«iK  anC 
opMmiv 
ni/.iium 

th.it  M.i- 
iiniihtMi. 
fvrliM  nil 

inimun«» 

MoiiSt 

h\ 

Siilmc  * 

ininuini/ 
eiliet  .III 
radii!. icl 
evpicssi 
(counts 

gen)  per 
binding 
L’henii 
Ic'cl  in 
Lowry  1 
done  as 
of  the  2 
Was  dor 

analy  SIS 


62 


VoL.  42,  1983 


FURTHER  PURIFICATION  OF  P.  AERUGINOSA  PS 


fined  medium  (COM)  described  by  TerleckyJ  el  al. 
(15).  To  remove  the  medium  mannan  component, 
materials  obtained  from  TSB  cultures  were  further 
purified  by  chromatography  over  columns  of  conca- 
navalin  A  covalently  linked  to  Sepharose  (ConA- 
Sepharose)  (Pharmacia  Fine  Chemicals,  Piscataway. 
N.J.)  in  buffer  containing  0.1  M  acetate.  0.15  M  NaCI. 
I  mM  each  CaCli.  MgCI:.  and  MnCI}.  and  0.1% 
Merthiolate,  pH  6.5. 

Human  immunizations.  High-molecular-weight  PS 
from  immunotype  1  P.  aeruginosa  was  prepared  from 
culture  supemates  of  bacteria  grown  in  unmodified 
TSB  then  depleted  of  mannan  by  ConA-Sepharose 
chromatography.  Two  separate  lots  (number  3  and  4) 
were  made,  and  then  each  was  bottled  by  the  Massa- 
chussetts  State  Biological  Laboratories  for  injection 
into  humans  as  previously  described  (9).  These  materi¬ 
als  were  tested  for  safety  and  toxicity  in  laboratory 
animals  as  outlined  by  the  Food  and  Drug  Administra¬ 
tion  regulations  (Title  21.  Section  610.11).  Informed 
consent  was  obtained  from  all  volunteers  before  the 
administration  of  the  vaccine.  Approval  for  this  study 
was  obtained  from  the  Committee  for  the  Protection  of 
Human  Subjects  from  Research  Risks.  Brigham  and 
Women's  Hospital. 

Milogencsis  assays.  Mitogenic  activity  of  PS  prepara¬ 
tions  on  mouse  splenocytes  was  assayed  as  previously 
described  (10).  Purified  ConA  for  use  in  these  experi¬ 
ments  was  obtained  from  Pharmacia  Fine  Chemicals. 
Stimulation  indices  were  calculated  by  dividing  the 
counts  per  minute  of  |'H|thymidine  incorporated  into 
stimulated  cultures  by  the  counts  per  minute  incorpo¬ 
rated  into  unstimulated  cultures. 

Serological  assays.  Antigen  preparations  were  tested 
for  serological  identity  in  Ouchterlony  immunodifTu- 
sion  gels,  as  previously  described  (12,  13).  These  gels 
were  also  used  to  assess  the  reactivity  of  antigen 
preparations  with  ConA.  Solutions  of  ConA  (5  mg/mll 
were  substituted  for  serum  when  indicated.  Analysis 
of  antibiidy  binding  levels  in  mouse  and  human  sera 
was  accomplished  Using  a  radioactive  antigen  binding 
assay  as  previously  described  (8,  9).  Statistical  com¬ 
parison  of  antibody  titers  after  immunization  of  ani¬ 
mals  and  humans  was  done  with  a  t  test.  Testing  of  the 
opsonic  activity  in  human  serum,  pre-  and  post-immu¬ 
nization.  was  done  using  an  opsonophagocytic  assay 
that  was  previously  described  (9).  Iletcrniination  of 
antibodies  to  Candida  alhicans  mannan  was  kindly 
performed  by  Michael  Lew  using  an  enzyme-linked 
immunosorbent  assay  (2). 

Mouse  immunizations.  C3H/ANF  mice  were  immu¬ 
nized  by  injection  with  10  ug  of  antigen  in  0.5  ml  of 
saline.  Mice  were  bled  before  and  7  days  after  the 
immunization  from  the  relroorbital  plexus  while  under 
ether  anesthesia.  These  sera  were  then  tested  in  the 
radioactive  antigen  binding  assay.  Mouse  data  arc- 
expressed  as  increases  in  the  antigen  binding  capacity 
(counts  per  minute  bound  x  specific  activity  of  anti¬ 
gen)  per  100  gd  of  serum  minus  the  preimmune  antigen 
binding  capacity. 

Chemical  components.  Determination  of  the  protein 
level  in  PS  preparations  was  done  by  the  method  of 
Lowry  el  al.  (6).  Determination  of  nucleic  acids  was 
done  as  previously  described  (12.  13).  Determination 
of  the  2-kelo-3-deoxyoc(ulosonic  acid  concentrations 
was  done  by  the  method  of  Osborn  (7).  Quantitative- 
analysis  of  the  metnosaccharide  constituents  in  PS 


preparations  was  done  using  (he  alditol  acetate  method 
of  Sawardeker  et  al.  (14).  Analysis  was  carried  out  on 
a  column  (2  mm  by  3  ft  [ca.  91  cm])  of  SP  2340  (Supelco, 
Inc..  Bellefonte.  Pa.)  in  a  Packard  421  gas-liquid 
chromatograph.  Analysis  conditions  were  as  follows: 
nitrogen  carrier  gas  flow,  20  ml/min:  initial  tempera¬ 
ture,  160°C  held  for  3  min,  temperature  rise  of  5°C/min 
to  a  final  temperature  of  2SS°C;  injector  tempera¬ 
ture.  2I0°C.  detector  temperature,  260°C.  Sugars  were 
identified  based  on  their  retention  times  (as  compared 
with  authentic  standards)  and  cochromatography  with 
known  standards,  except,  for  the  dideoxyhexose- 
amines.  These  were  identified  based  on  the  retention 
times  of  known  dideox yhexoseamines  found  in  the  P. 
aeruginosa  LPS  (1)  and  the  capsular  PS  of  Bactcroides 
fragilis  23745  (3).  The  former  materials  were  prepared 
by  us  as  previously  described  (12,  13),  and  the  latter 
material  was  kindly  supplied  by  Dennis  L.  Kasper, 
Channing  Laboratory,  (juantitation  was  performed 
using  a  Hewlett  Packard  3388  integrator.  The  total 
amounts  of  each  sugar  were  calculated  by  the  integra¬ 
tor,  which  had  been  previously  programmed  with  the 
response  factors  to  individual  monosaccharides  by 
using  known  amounts  of  authentic  standards.  The  total 
carbohydrate  content  of  each  antigen  preparation  was 
determined  by  dividing  the  sum  of  the  total  amount  of 
the  sugars  identified  by  the  total  amount  of  antigen 
injected  into  (he  gas-liquid  chromatograph.  The  latter 
amount  was  determined  by  use  of  an  internal  standard 
of  inositol  added  to  the  antigen  preparation  before  the 
preparation  of  (he  alditol  acetate  derivative. 

RESULTS 

Comparison  of  mannan-eonlaining  and  man- 
nan-dcpieled  PS.  After  identification  of  a  man¬ 
nan  component  in  high-molecular-weight  PS 
preparations,  we  prepared  mannan-dcpicted  PS 
for  immunochemical  analyses  from  P.  aerugi¬ 
nosa  immunotype  1  and  2  and  compared  the 
serological  properties  of  these  two  antigens. 
Figure  I  show-s  the  immunodiffusion  reaction  of 
immunotype  I  and  2  PS  before  and  after  chroma¬ 
tography  on  ConA-Sepharose  against  rabbit 
antisera  raised  to  whole  organisms  and  against 
soltitixtns  ttf  ConA.  This  chromatography  step 
separated  the  mannan  component  from  the  sero¬ 
logically  active  component  in  high-molecular- 
weight  PS  preparations.  As  a  test  for  the  poten¬ 
tial  source  of  the  mannan  in  the  PS  preparations, 
we  looked  at  the  reactivity  of  unmodified  TSB 
media  with  solutions  of  ConA.  We  found  that 
'I'SB  contained  a  material  giving  a  precipitin  line 
in  gel  diffusion  against  solutions  of  ConA  (Fig. 
1). 

Table  I  compares  the  immunogenicity  of  10 
M-g  of  the  mannan-containing  and  mannan-de- 
pleted  high-molecular-weight  PS  preparations  in 
inbred  C3H/ANF  mice.  Both  mannan-contain- 
ing  and  mannan-dcpieted  immunotype  I  and  2 
PS  induce  significant  (P  <  0.01 )  increases  in 
binding  antibody  against  homologous  PS.  The 
mannan-dcpieted  immunotype  1  and  2  PS  were 
also  cross-immunogenic  in  outbred  mice  (not 
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FIG.  1.  Immunodiffusion  analysis  of  the  reaction  of  antisera  raised  to  uhole  imniumnype  I  and  2  P. 
aeruginosa  organisms  and  solutions  of  Con  A  against  preparations  of  high-moleculai -weight  PS  cither  containing 
inannan  or  depleted  of  mannan  by  ConA-Scpharo.se  chromatography.  (A)  Center  well,  antiserum  to  immunotype 
1  P.  aeruginosa,  20  til;  outer  wells — (II  mannan-containing  immunotype  1  PS.  1  mg/nO;  l2l  immunotype  I  PS 
after  Con.A-Scpharose  chromatography.  I  mg/ml;  (3)  purified  mannan  leliited  from  ConA-Sepharose  column 
after  binding).  1  mg'ml.  (B)  Center  well,  antiserum  to  immunotype  2  P.  aeraginnsa.  20  p.!;  outer  wells— (I) 
mannan-containing  immunotype  2  PS.  I  mg/ml;  (2)  immunotype  2  PS  after  ConA-Sepharose  chromatography .  1 
mg/ml;  (31  purihed  mannan,  1  mg'ml.  (Cl  Center  well.  Con.-\.  mg/ml.  20  pi;  outer  wells — (1)  immunotype  1  PS 
before  ConA-Scphanisc  chrontatography.  I  mg/ml;  (2|  immunotype  I  PS  after  Con.A-Sephaiose  chromtiiogni- 
phy.  1  mg/ml;  (3l  purified  mannan.  I  mg'nti;  (41  immunotype  2  PS  More  Con.\-Sepharose  chromatography.  I 
mg/ml;  (.'I  immunotype  2  PS  altci  C\>n A-Sopharosc  chromatography.  I  mg'nil;  ((>)  irypiic  sin  broth.  20  pi. 


shossn).  as  lias  been  provioiisK  rcporicsf  Cor  (he 
mannan-containing  PS  (Si. 

Wc  nc.xl  prcp;iicd  high-inolcctilai -weight  l*S 
from  UF-T.SU  and  froin  the  CDM  ol"lcrleekyj  et 
ill.  (1.^1.  The  yield  of  P.S  I'loiii  L  1  -  T.SH  was  quite 
low  (0.2  mg  litei  I  eomp.iied  with  (he  yield  from 
legulitr  rSli  after  m;iiiiiait  leiitos al  (,'  mgliierlor 
from  CHM  (4  mg  literl,  ni.ikiiig  the  use  of  UF- 
r.SU  for  lotiline  prodtielion  of  I’S  impiitelieal. 
High-moleeuliir-w  eight  I’S  ohi.iiiied  from  both 
UF-'I'SH  and  COM  giixe  reiielioiis  of  ideiility  in 
immunodilfiision  gels  with  both  iii,init;ii)-eon- 
laining  and  m.iiinan-depleied  I’S  piep.ir.ilioiis 
Ihesc  materi.ils  were  iiNo  eomp.ii ,il'l\  imittutto- 
gcnic  in  niiee  l  1  able  1 1.  I  he  I’S  prepaialion  from 
the  CDM  did  nol  l  eiiel  s'ith  C'on.A  in  imntuiuHfit- 
fusion  gels,  hut  I’S  from  I  I  -  I  SH  had  ii  taiiu  line 
versus  solutions  of  Con  A  inoi  shown).  I  his 
reactivity  eotild  be  renun  ed  In  { 'on,\-.Seplia 
rose  chromatogi.ipln  iind  indie;iles  ih.il  ultialil- 
Iration  of  the  fSli  did  nol  sueeessfnlly  reimne 
iill  of  the  media  niann.in  eoniponent.  However, 
these  ivsidls  do  indie.iie  thiii  piep.n.ilion  of 
high-molecular-w eight  I’S  from  eiilier  UI  -  l'SH 
orCOM  resulted  in  an  antigen  ih.il  wa^  immiino- 
logieally  similar  to  previously  deserihed  high- 
moleettlar-w eight  I’S  prep.uitluins. 

Chemical  v<>m|Misi(iun  and  iiiunusaccharidc 
ctmxlilucnfs  iif  niaiinan-cnniaiiiiiig  and  mannan- 
depleted  P.S.  I'ahle  2  shows  the  chemieal  eom- 
position  of  high-ntoleeul.ii -weight  I’S  obtained 


from  the  lariotis  meilia  described  iibove.  All  of 
these  PS  preparations  coniained  similar  levels  of 
eontuminaling  pioicin  :ind  nucleic  iteids.  iind  all 
were  negative  for  2-keio-.'-deovyoeiulosonic 
aeid  in  the  Ihiobarbiturie  acid  assay.  Chionialog- 
niphy  of  manniin-eoniiiinmg  I’S  oxer  ConA- 
Sepharose  columns  did  not  alVeei  the  protein 
eonicnt.  indicating  that  Con  A  did  not  Ic.ieli  from 
these  ullinily  gels  into  the  I’S  pi ep.ii.ilions.  I  he 
total  amount  of  each  piep.iraiion  ideulili.ible  as 
carbohydrate  b\  qii.iittilative  g.is-luitiid  ehroma- 
lograpln  xvas  similar  for  .ill  piepiii.ilions. 

Table  shoxvs  the  monosaeeh.tndc  constitu¬ 
ents  of  PS  obtained  liom  imnumotxpe  I  and  2 
tieriigiiiiiso.  Ihese  m.nenals  xxere  obtained 
tiom  ISB  before  anil  after  C<wi.\-.Sepl)art>.se 
ehrxxmalography.  from  UF-fSH.  or  from  the 
CDM.  .-\s  expected.  I’S  obtained  from  FSB 
K'l'ore  ConA-Seph.iiosv  chionialogiaphy  had  a 
high  lex  el  of  mannose.  I’S  liom  Id'- fSlt  had  a 
reduced  eonlenl  of  mannose  compared  xvith  PS 
isolated  from  I'SH  and  not  chronialographed, 
I'lhc  mannose  eonlent  in  I’S  frtim  UF- I  SU  could 
be  reduced  exen  liii  liter  by  Con.A-Sepharose 
chromatography . I  The  I’S  preparations  obtained 
from  the  CDM  h.id  a  similar  quantitative  and 
qualitative  motiosacch;iride  composition  to  man- 
nan-ilepleted  I’S.  This  fact  indicates  that  ConA- 
Sepharxxsc  chromatography  yielded  P.S  that  was 
composed  principally  of  bacterial  products.  In¬ 
terestingly.  all  preparations  of  high-moleciilar- 
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TABI.E  1.  Immunogcnicity  of  lU  )ig  of  various  high- 
molecular-wcighl  PS  preparations  in  C3H/ANF  mice 


immunogen 

i’rcpared  in/by; 

Increase 
over  preim- 

munc  sc¬ 
rum  in  anti¬ 
gen  binding 
capacity" 
vs  homoli)* 
gous  PS 

Inimunolype 

rsB 

5.3  ±  39’' 

1  P.S 

After  ConA-Sepharose 

66  i  .3(1 

UF-TSH 

51  s  20 

COM 

72  i:  22 

Saline 

0 

Immumilype 

TSI) 

150  i  22 

2  I’S 

After  ConA-Sephurose 

140  t  28 

UF-TSH 

147  ±  .33 

CDM 

136  ±  18 

Saline 

0 

"  Antigen  binding  ciipiicity  is  counts  per  minute  of 
antigen  bound  b\  KKI  gl  of  serum  x  the  specilic 
aelivily  of  the  radiol.iheled  antigen. 

*’  .■3verage  of  four  mice  t  standard  deviation. 


weight  I’S  studied  here  eontaincd  high  levels  of 
giiliittose  iind  iirabinose.  two  nionosacchiirides 
not  lotind  in  /'.  lu-nifiiiiosa  LPS  (2.  16). 

■Sufelt  and  ininiiinogvnicilt  of  niannan-depli-U-d 
iiiiiiiuiiol>|>e  I  PS  in  liuiiians.  The  safety  and 
iniinunogenieity  of  immunotype  I  PS  depleted  of 
ntannaii  by  C'on.X  Sepharose  chroniattigraphy 
was  assessed  in  eight  humans.  I'oxicily  testing 
III  iniee  anil  guinea  pigs  and  py  rogenicity  testing 
in  rabbits  were  performed  by  the  Massaehiis- 
setts  State  Hiologieal  Laboratories  on  two  lots  t3 
and  41  of  mannan-depleted  immunotype  I  I’S.  as 
described  previously  (9).  Hefore  administration 
ol  this  material  to  humans,  we  tested  the  P.S  for 
nnlogenieity  on  murine  splenoeytes.  This  was  to 
determine  whether  residual  C'on.A  was  present  in 
the  laccnie.  fable  4  shows  that  mannan-deplet- 
ed  lots  3  and  4  both  had  less  mitogenic  activity 
than  maim.in-eoiilaining  immunotype  I  P.S.  I  his 
suggests  that  the  m.innan  may  have  some  mito¬ 
genic  properties.  At  the  highest  doses  of  man- 
ii.ni-depleted  I’S  tested  l.stH)  p.g/ml)  there  was 
little  to  no  mitogenic  response.  CoiiA  was.  of 
course,  a  potent  mitogen  for  murine  spleen  cells, 
and  addition  of  high  levels  I.MHlx)  of  I’S  to 
mitogenic  doses  of  C'on.A  did  not  alVect  the 
mitogenic  properties  of  C'on.A.  I'htis.  no  deiect- 
.ible  C'on.A  could  be  found  in  the  P.S  preparations 
by  the  murine  splenoey  le  inilogenesis  assay . 

live  humans  received  100  p.g  of  lot  .3  immuno¬ 


type  I  PS.  and  three  received  100  p.g  of  lot  4. 
The  geometric  mean  antibody  levels  preimmuni¬ 
zation  and  at  14  and  28  days  post -immunization 
are  shown  in  Table  5.  A  signihcanl  (P  <  0.001) 
increase  in  binding  antibody  was  observed  in 
vaccinates  at  both  14  and  28  days  post-immuni¬ 
zation.  No  reaction  to  the  vaccine  up  to  72  h 
post-immunization  was  noted  in  any  vaccinate 
either  locally  or  systemically,  except  a  slightly 
sore  and  tender  arm  at  the  injection  site  in  one  of 
eight  vaccinates,  confirming  our  previous  obser¬ 
vation  (9)  that  reactions  are  unusual  with  P. 
aenifiiiioui  PS  vaccines.  Increases  in  opsonic 
titers  of  fourfold  or  greater  were  observed  for 
seven  of  the  eight  vaccinates  (Table  5).  Thus, 
the  mannan-depleted  high-molecular-weight  PS 
possessed  similar  immunogenic  properties  in 
humans  as  had  previously  described  PS  prepara¬ 
tions.  In  addition,  this  vaccine  elicited  only  a 
mild  local  reaction  in  one  of  eight  vaccinates. 

Response  of  humans  to  C.  albicans  mannan. 
Because  42  persons  had  been  previously  immu¬ 
nized  with  immunotype  I  PS  containing  mannan 
(9).  we  .selected  10  sera  from  persons  given  this 
vaccine  and  tested  their  antibody  responses  to 
C.  iilhicons  mannan.  as  described  previously  (4). 
This  mannan  is  structurally  identical  to  the  man¬ 
nan  found  in  our  PS  preparations.  No  increase  in 
enzyme-linked  immunosorbent  a.s.vay  binding  ti¬ 
ters  Was  seen  in  the  pro-  and  post-vaccination 
sera  of  persons  receiving  mannan-containing  PS 
vaccines,  indicating  that  the  mannan  component 
was  not  immunogenic  in  these  vaccinates. 

DISCISSION 

I  he  idenlilicaiion  of  a  mannan  component, 
likely  from  the  nieduini.  m  high-molecular- 
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0.7 
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73 

•Nlici  <  'oi».\-.Scpli.irosv  I  N 
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M) 

71 

11  ISIl  til 

0  3 

Nl) 

82 

CDM  IIJ 
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M) 

78 

iiiiiiiiiii.iupe  2  I'S  li.iiii 

ISIt 

t)  b 

M) 
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TABLE  3.  Monosaccharide  constituents  of  various  high-molecular-weight  PS  preparations 


s 

N 

Preparaiion 

Monosaccharide*'  loiat  ideniilied) 

Rham 

Ara 

Xyl 

Man 

Cal 

Glu 

Dideoxy* 

N 

Immunotype  1  PS  from: 

• 

TSB 

3.2 

5.8 

ND' 

54.4 

17.6 

7.2 

ND 

After  ConA-Sepharose 

24.5 

24.0 

3.1 

ND 

30.0 

9.0 

11.0 

1 

UF-TSB 

23.2 

20.1 

4.5 

tr 

30.9 

17.0 

7.3 

1 

CDM 

22.4 

20.9 

tr 

ND 

31.1 

15.4 

10.2 

Immunotype  2  PS  from: 

TSB 

4.8 

5.0 

7.3 

45.1 

22.5 

10.7 

3.7 

After  ConA-Sepharose 

1.2 

7.2 

tr 

ND 

45.6 

26.1 

20.0 

UF-TSB 

2.8 

8.2 

2.7 

tr 

40.4 

22.0 

24.0 

CDM 

2.4 

7.9 

2.1 

ND 

41.2 

23.1 

23.3 

1 

"  Rham,  rhammose:  ara. 

arabinose: 

xyl.  xylose; 

man. 

mannose;  gal.  galactose; 

glu,  glucose;  dideoxy. 

dideoxy  he  xoseamine . 

*  Amount  of  dideoxyhexoseamine  calculated  from  area  of  glucoseaminitol  hexaacelaie  standard.  The  lack  of  a 
dideoxyhexoseamine  standard  prohibits  determining  an  accurate  amount. 

'  ND,  None  detected. 


weight  PS  preparations  from  P.  aeruginosa  ne¬ 
cessitated  a  determination  of  the  role  of  this 
material  in  the  serological  activity  and  immuno- 
genicity  of  PS.  We  found  that  removal  of  man- 
nan  by  ConA-Sepharose  chromatography  result¬ 
ed  in  a  material  that  contained  similar 
serological  activity  and  immunogenicity  as  those 
of  mannan-containing  PS.  The  mannan-depleted 
PS  from  immunotype  1  was  also  immunogenic  in 
humans,  inducing  significant  increases  in  bind¬ 
ing  and  opsonic  antibody  after  immunization 
with  a  single  100-p.gdose.  There  were  no  serious 
untoward  reactions  to  the  vaccine  among  eight 
vaccinates.  Preparation  of  high-molccular- 


TABLE  4.  Mitogenic  slimululiun  indico  of 
immunotype  1  P.  ueruninosu  PS  human  vaccinc>  on 
murine  splenocytes 


Ininiunoiypc  1  vaccine 

DkiNC 

(Mip'mU 

Stimuhtum 

index 

1.01  .3 

0.7 

2.S0 

0.5 

i 

too 

O.K 

.50 

0.7 

Lot  4 

.500 

1,5 

2.50 

0.9 

IIXI 

1.2 

.50 

1.3 

f 

Lol  .3  befiire  mannan 

5(H) 

t.7 

depletion 

2.50 

.3.9 

KKI 

2.0 

-I 

50 

1.7 

ConA 

1 

4.9 

Plus  lol  3" 

.500 

4.6 

> 

Plus  lol  4" 

.5<X) 

5.4 

1 

"  ConA  al  1  iig/ml  plus 
wg/ml. 

indicated  P.S 

vuccinc  til 

weight  PS  in  a  CDM  resulted  in  a  material 
immunologically  identical  and  chemically  simi¬ 
lar  to  PS  prepared  in  TSB  and  depleted  of 
mannan  by  ConA-Sepharose  chromatography. 
Thus,  these  two  metht^s  likely  yield  a  PS  prepa¬ 
ration  consisting  solely  of  bacterial  products. 

The  use  of  ultrafiltered  or  dialyzed  media  for 
the  production  of  bacterial  vaccines  is  generally 
employed  to  avoid  media  contamination  of  the 
final  product.  Out  initial  attempts  to  produce  PS 
in  UF-TSB,  before  preparing  any  material  for 
human  use.  showed  that  bacterial  growth  and 
antigen  production  in  UF-TSB  were  severely 
reduced.  Also,  before  human  studies,  we  isolat¬ 
ed  high-molecular-weight  components  of  TSB 
and  could  not  identify  any  carbohydrate  in  this 
fraction.  The  presence  of  mannan  from  the  me¬ 
dium  in  our  high-molecular-weight  PS  prepara¬ 
tions  was.  therefore,  unexpected.  However,  be¬ 
cause  PS  arc  prepared  from  large  culture 
volumes  t20  to  ,30  liters),  low  levels  of  mannan 
)  in  TSB  could  go  undetected  but  end  up  in 
high  proportion  in  the  final  PS  prinJud.  if  the 
mannan  copurifies  with  the  PS.  which  appears  to 
be  the  case.  Although  UF-TSB  is  a  poor  medium 
for  PS  production,  the  CDM  seems  to  be  ade¬ 
quate  for  antigen  production  and  is  the  prefera¬ 
ble  medium  for  producing  high-molecular- 
weight  PS.  Recent  attempts  to  produce  PS  from 
both  ultrafiltered  Todd-Hewiti  broth  or  ulirafil- 
tered  Columbia  broth  indicate  that  these  media 
may  be  superior  to  the  CDM  because  of  greater 
yields  of  material. 

Particularly  important  is  the  finding  of  chemi¬ 
cal  similarity  among  PS  depleted  of  mannan  by 
ConA-Sepharose  chromatography.  PS  obtained 
from  UF-TSB.  and  PS  obtained  from  the  CDM. 
Thus,  the  components  of  PS  in  these  prepara¬ 
tions  are  likely  to  be  bacterial  products  and  not 
media  or  other  contaminants.  High-molecular- 
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TABLE  5.  Antibody  levels  and  opsonic  liters  in  sera  from  eight  human  vaccinates  before  and  after  a  lOO-iig 

dose  of  immunotype  I  PS“ 


Scrum 

sample 

Antibody  level'’  (g^mi) 

Opsonic  tiler' 

Preimmune 

6.02  -  1.5  (3.9-14.1) 

2.6  ±  0.8  (2-8) 

Day  14 

39.9  -  2.8  '  (8.9-158.9) 

26.3  i  2.4*' (8-128) 

Day  28 

48.8  ±  3.0'' (11.5-180.7) 

26.3  ±  3.3''  (8-128) 

"  Five  vaccinates  received  lot  3  and  three  received  lot  4. 

Determined  in  the  radioactive  antigen  binding  assay  as  described  previously  (9).  Reported  as  logm  geometric 
mean  ±  standard  deviation.  Range  is  shown  within  parentheses. 

’  The  liter  is  the  reciprocal  of  the  serum  dilution  showing  &909f  kill  of  the  input  inoculum  as  described 
previously  (91.  Results  are  expressed  as  log.  geometric  mean  d  standard  deviation.  Range  is  shown  within 
parentheses. 

''P<  0.001. 


weight  PS  obtained  from  TSB  after  a  ConA- 
Sepharose  chromatography  step,  from  UF-TSB. 
or  from  the  CDM.  all  contained  the  monosac¬ 
charides  galactose  and  arabinose.  These  two 
monosaccharides  are  absent  from  LPS  (2.  16). 
Thus,  high-molecular-weight  PS  remains  chemi¬ 
cally  distinct  from  both  intact  LPS  and  O  side 
chains  by  virtue  of  its  monosaccharide  constitu¬ 
ents.  Since  galactose  and  arabinose  appeared  in 
all  PS  preparations  made  here,  they  must  be 
bacterial  components  of  PS  preparation.  Wheth¬ 
er  galactose  and  arabinose  arc  covalently  linked 
to  the  monosaccharides  shared  by  PS  and  LPS  O 
side  chains  remains  to  be  seen.  Attempts  to 
separate  the  galactose  and  arabinose  compo¬ 
nents  from  the  serologically  active  monosaccha¬ 
rides  that  are  shared  between  LPS  and  PS  thus 
far  have  been  unsuccessful.  However,  it  is  pos¬ 
sible  that  an  arabinogalactan-like  molecule  is 
present  in  the  PS  preparations,  along  with  a 
high-molecular-weight  form  of  the  LPS  O  side 
chain.  Structural  studies  are  now  under  way  to 
determine  whether  this  is  the  case.  Currently, 
we  are  able  to  prepare  nontoxic  PS  that  is 
immunologically  active  in  humans,  giving  rise  to 
binding  and  opsonic  antibodies  directed  at  the 
serotype  determinant  located  on  the  O  polysac¬ 
charide  side  chain  of  the  LPS. 
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High-molecular-weight  polysaccharides  from  the  extracellular  slime  of  Pseudomonas  aeruginosa  were 
evaluated  as  immunogens  in  Pseudomonas  bum  infections  in  mice.  Immunization  with  immunotype  I  or  2 
polysaccharides  induced  a  strong  immunotype-specific  and  weak  cross-reactive  antibody  response  but 
protected  mice  against  bum  infections  caused  by  either  immunotype.  Passive  protection  was  provided  by 
rabbit  antiserum  to  immunotype  1  polysaccharide  against  burn  infection  by  the  homologous  organism. 
Pseudomonas  high-molecular-weight  polysaccharides  are  potentially  effective  vaccines  in  burn  infections. 


High-molecular-weight  polysaccharides  isolated  from  cul¬ 
ture  supernatants  or  from  extracellular  slime  of  Pseudomo¬ 
nas  aeruginosa  appear  to  share  immunotype  determinants 
with  the  lipopolysaccharide  O  side  chain  (7-9).  The  best- 
characterized  of  these  polysaccharides  are  from  P.  aerugin¬ 
osa  immunotypes  1  (8)  and  2  (7),  designated  lt-1  and  lt-2.  of 
the  Fisher-Devlin-Gnabasik  system  (2).  The  lt-1  and  lt-2 
polysaccharides  induce  type-specific  and  cross-reactive  anti¬ 
bodies  in  mice  and  rabbits  (4)  and  are  immunogenic  in 
humans  (5;  G.  B.  Pier,  unpublished  data).  Antibodies  to  both 
polysaccharides  are  opsonic  and  provide  cross-protection 
against  intraperitoneal  challenges  in  mice  (4,  6,  7). 

Since  patients  with  extensive  bums  are  particularly  sus¬ 
ceptible  to  life-threatening  Pseudomonas  infections,  they  are 
prime  candidates  for  specific  immunoprophylaxis  or  immu¬ 
notherapy.  A  murine  Pseudomonas  bum  infection  model  (3. 
10)  closely  mimics  human  Pseudomonas  bum  wound  sepsis 
and  avoids  some  of  the  unphysiological  aspects  of  massive 
intraperitoneal  challenges.  We  used  this  model  to  evaluate 
the  protective  efficacy  of  the  It-l  and  lt-2  polysaccharide 
vaccines  in  P.  aeruginosa  bum  infections. 

Six-week-old  female  C3H/FeJ  mice  (Jackson  Labora¬ 
tories,  Bar  Harbor,  Maine)  were  immunized  on  days  0,  S. 
and  10  with  S0-p.g  intraperitoneal  ii\jections  of  high-molecu- 
lar-weight  polysaccharide  obtained  from  the  culture  super¬ 
natant  of  P.  aeruginosa  lt-1  (8)  or  It-2  (7)  and  suspended  in 
normal  saline.  Control  mice  received  intraperitoneal  injec¬ 
tions  of  bovine  serum  albumin  (BSA)  according  to  an 
identical  dose  schedule.  On  day  IS,  the  mice  were  anesthe¬ 
tized  with  methoxyflurane  (Pitman-Moore,  Inc.,  Washington 
Crossing.  N.J.),  subjected  to  an  11-s  alcohol  flame  bum  (2.5 
by  2.5  cm),  and  injected  subcutaneously  at  the  burn  site  with 
seven  10-fold  dilutions  of  washed  log-phase  lt-1  or  lt-2 
bacteria.  Deaths  were  recorded  for  7  days,  and  the  SOCf 
lethal  dose  (LD<u)  of  bacteria  was  determined  by  the  method 
of  Spcarman-Karber  (1).  Blood  was  obtained  from  the  retro- 
orbital  venous  plexus  of  anesthetized  mice  on  days  0  and  15. 
and  serum  antibodies  reactive  with  P.  aeruginosa  lt-1  and  It- 
2  polysaccharides  were  quantified  by  a  radioactive  antigen- 
binding  assay  (4). 


Immunized  mice  demonstrated  an  immunotype-specific 
serum  antibody  response  (Table  1).  In  addition,  there  was  a 
small  but  significant  antit^y  response  to  lt-2  polysaccha¬ 
ride  in  mice  immunized  with  lt-1  polysaccharide,  and  vice 
versa  (Table  1).  The  bum  injury  itself  apparently  had  little  or 
no  effect  on  the  immunogenicity  of  lt-1  polysaccharide,  ta 
indicated  by  nearly  identical  serum  antibody  responses  in 
recently  burned  and  unbumed  mice  immunized  with  a  single 
5()-p.g  intraperitoneal  ii\jection  of  this  vaccine  (Table  2). 
Immunization  with  three  50'M.g  doses  of  lt-1  polysaccharide 
protected  mice  against  subsequent  lt-1  bum  infections,  as 
indicated  by  a  greater  than  4  log  increase  in  the  LDjo  of  the 
lt-1  challenge  strain  compared  with  its  LDso  >n  BSA-immu- 
nized  control  mice  (Table  3).  Immunization  with  lt-1  poly¬ 
saccharide  also  produced  cross-protection  against  lt-2  bum 
infections,  as  indicated  by  a  1  to  2  log  increase  in  the  LDw  of 
lt-2  organisms.  Similarly,  immunization  with  lt-2  polysac¬ 
charide  protected  against  both  lt-2  and  lt-1  bum  infections, 
as  evidenced  by  2  to  3  log  and  4  to  5  log  increases  in  LDjo, 
respectively  (Table  3).  ll-2  immunization  appeared  to  pro¬ 
vide  somewhat  greater  protection  against  both  homologous 
and  heterologous  challenges  than  did  immunization  with  lt-1 
polysaccharide. 

llie  intravenous  administration  of  0.2  ml  of  rabbit  antise¬ 
rum  to  lt-1  polysaccharide  (8)  18  h  before  bum  infection 
resulted  in  a  2  to  3  log  increase  in  the  LDjo  of  the  lt-1 


TABLE  1.  Serum  antibody  responses  of  C3H/FeJ  mice  to 
immunization  with  P.  aeruginosa  ll-l  and  lt-2  high-molecular- 
weight  polysaccharides 


Serum  antibody  concn  (tig/mll* 

Immuntzaiion* 

IM 

It-: 

Day  Q 

Day  is 

Day  0  Day  IS 

lt-1 

4.1  ±  0.4 

35.2  i  9.3' 

3.8  ±  0.2  4.4  *  0.2' 

lt-2 

4.0  T  0.2 

5.2  i  0..S' 

10.5  i  8.4  M  l  i  26.4*^ 

"  Fifty  microgriims  were  injected  intraperitoneally  on  days  0.  5. 
and  10. 

*  Radioactive  antigen  binding  assay:  mean  e  standard  deviation: 
five  mice  per  group. 

*  Significant  increase  compared  with  preimmunization  level:  P  s 
0.02  based  on  (-test  on  paired  samples. 


Currcsp(>nding  author. 
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TABLE  2.  Effeci  of  burn  iiuury  on  serum  antibody  responses  of 
C3H/FeJ  mice  to  immunization  with  P.  aeruginosa  It-1  high- 


molecular-weight  polysaccharide* 

Scrum  antibody  conen  (M/ml)* 

Day  5 

Day  to 

Unburned 

Burned 

10.3  ±  5.8 

9.3  ±  5.6 

10.8  ±  4.8 
11.2  ±  6.4 

*  Groups  of  10  mice  received  SO  pg  of  lt-1  polysaccharide 
intraperitoneally  24  h  after  undergoing  an  11-s  flame  bum  (2.5  by  2.5 
cm)  or  no  ipiury. 

*  Radioactive  antigen-binding  assay.  Data  expressed  as  mean  ± 
standard  deviation.  Antibody  levels  of  unimmunized  mice  were 
<2.0  pg/ml. 


challenge  strain  compared  with  that  observed  in  control  mice 
which  had  received  nonimmune  serum  (Table  4).  Passive 
protection  was  somewhat  less  than  that  produced  by  active 
immunization  (Table  3). 

Thus,  despite  limited  cross-reactive  antibody  responses 
induced  in  C3H/FeJ  mice  by  P.  aeruginosa  It-1  and  It-2  high- 
molecular-weight  polysaccharides,  cross-protection  was 
comparable  to  homologous  protection  in  the  mouse  bum 
infection  model.  The  possibility  exists  that  It-2  polysaccha¬ 
ride  is  somewhat  more  immunogenic  than  It-1  polysaccha¬ 
ride,  as  judged  by  both  antibody  levels  and  degree  of 
protection  against  bacterial  challenges.  These  findings  are 
similar  to  those  previously  reported  for  CD-I  mice  subjected 
to  intraperitoneal  infections  (4). 

Our  data  establish  the  efficacy  of  active  immunization  with 
It-1  and  It-2  high-molecular-weight  polysaccharides  and  pas¬ 
sive  immunization  directed  toward  It-1  polysaccharide  in 
Pseudomonas  bum  wound  sepsis  in  mice.  To  the  extent  that 
the  murine  model  reproduces  human  bum  wound  sepsis  and 
that  antibody  responses  to  It-1  and  It-2  polysaccharides 
reflect  those  achievable  in  humans  (S;  G.  B.  Pier,  unpub¬ 
lished  data),  effective  immunoprophylaxis  against  Pseudo¬ 
monas  burn  infections  with  these  and  other  immunotype- 


TABLE  3.  Type-specific  and  cross-protection  against  P. 
aeruginosa  bum  wound  sepsis  in  C3H/FeJ  mice  after  active 
immunization  with  It-1  and  It-2  polysaccharides 


Challenge 

strain 


Immunization* 


LDyiof 

challenge  strain 
llog„CFO>* 


“  Mice  received  50  pg  of  high-molecular-weighi  polysaccharide  or 
BSA  intraperitoneally  on  days  0.  5.  and  10. 

*  On  day  15,  seven  10-fold  dilutions  of  washed  log-phase  bacteria 
were  injected  at  the  site  of  a  fresh  11-s  flame  bum  (2.5  by  2.5  cm). 
Five  mice  were  used  at  each  dilution,  deaths  were  recorded  for  7 
days,  and  the  LDy,  ±  95%  confidence  interval  was  determined  by 
the  method  of  Spearman-Karber  (1). 

*■  Significant  protection  (nonoverlapping  LDy,  ±  95%  confidence 
interval)  compared  with  BSA-immunized  controls. 


Infect.  Immun.J 

TABLE  4.  Protection  against  P.  aeruginosa  ll-l  bum  wound 
sepsis  in  C3H/FeJ  mice  passively  immunized  with  type-specific 
high-molecular-weight  polysaccharide  antiserum 

LDmoT 

Immuniulion*  chillcHe  strain^ 

OofnCFU)  ' 


Normal  serum .  4.0 

It-1  antisemm .  6.^ 

*  Mice  received  0.2  ml  of  normal  rabbit  serum  or  It-1  polysaccha¬ 
ride  antiserum  intravenously  18  h  before  undergoing  an  11-s  flame 
bum  (2.5  by  2.5  cm)  followed  by  subcutaneous  inoculation  of  the 
fresh  bum  site  with  seven  10-fold  dilutions  of  the  It-1  challenge 
strain.  Fivejnice  were  used  at  each  dilution,  deaths  were  recorded 
for  7  days,  and  the  LDsn  ±  9S%  confidence  interval  was  determined 
by  the  method  of  Spearman-Karber  (1). 

*  Significant  protection  (nonoveriapping  LD,,  ±  95%  confidence 
interval)  compared  with  control  animals  that  received  normal  rabbit 


specific  high-molecular-weight  polysaccharide  vaccines 
appears  feasible. 
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A  high-molecular-weight  polysaccharide  (PS)  was  isolated  from  the  culture  supernatant  of  a  Fisher 
inununotype  3  (lT-3)  strain  oi  Pseudomonas  aeruginosa.  ConsisteDt  with  previously  reported  findings  for  IT-1 
and  IT-2  PS,  the  preparation  of  IT-3  PS  was  found  to  be  an  Immunogenic,  nontoxic  form  of  the  O 
polysaccharide  side  chain  on  the  lipopoiysaccharide  (LPS).  The  IT-3  PS  was  mainly  carbohydrate  in 
composition.  It  was  serologically  and  chemically  identical  to  LPS  O  side  chain,  but  distinct  from  that  structure 
in  molecular  size  and  immunogenicity.  The  IT-3  PS  was  nontoxic  in  mice  and  guinea  pigs,  nonpyrogenic  in 
rabbits,  and  >l,000-fold  less  reactive  than  IT-3  LPS  in  gelation  of  the  Umulus  amoebocyte  lysate.  Preliminary 
— iy«*«  by  gas-liquid  chromatography  and  '*C  nuclear  mi^netic  resonance  have  established  the  structural 
'f.  identity  of  n'-3  high-molecular-weight  PS  and  the  17-3  O  side  chain.  IT-3  PS  was  immunogenic  in  rabbits  and 

mice.  After  active  immunization,  mice  were  protected  against  P.  aeruginosa  lT-3  intraperitoneal  Infeclion  and 
tium  irnund  jepsU.  lT-3  PS  also  elicited  protection  against  challenge  with  an  IT-S  strain  of  P.  aeruginosa, 
indicating  that  low-level  contamination  of  the  IT-3  PS  with  IT-3  LPS  was  not  responsible  for  the  immunogenic 
activity.  These  findings  demonstrate  the  feasibility  of  preparing  nontoxk  immunogenic  IT-3  PS  capable  of 
didting  serotype-spedfic  protective  antibodies,  employing  methods  similsr  to  those  prevtonsly  described  for 
the  isolation  of  PS  from  other  P.  aeruginosa  immunotypes. 
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Investigation  of  immunity  to  Pseudomonas  aeruginosa 
disease  indicates  an  important  role  for  antibody  directed  at 
the  serotype  or  immunotype  determinant  located  on  the  O 
polysaccharide  portion  of  the  lipopoiysaccharide  (LPS)  (18, 
19).  Induction  of  type-specific  immunity  in  animals  by  either 
active  or  passive  immunization  results  in  protection  from 
lethal  challenge  (1, 14, 15).  Similarly,  protective  immunity  in 
humans  at  risk  for  P.  aeruginosa  infections  has  been  most 
closely  correlated  with  type-specific  antibody  (18,  19).  An 
immunogenic  and  nontoxic  preparation  that  engendered 
long-lasting  antibodies  to  the  immunotype  antigens  of  P. 
aeruginosa  would  represent  a  potentially  effective  human 
vaccine. 

Earlier  attempts  to  produce  this  type  of  immunity  by 
utilizing  LPS  preparations  were  hampered  by  the  toxicity  of 
this  molecule  (10,  24).  The  recent  isolation  of  a  high- 
molecular-weight  polysaccharide  (PS)  fraction  from  culture 
supernatants  of  P.  aeruginosa  (12,  13,  15)  has  resulted  in 
preparations  that  contain  the  serotype  determinant  in  an 
immunogenic  but  nontoxic  form.  Studies  involving  the  Fish¬ 
er  immunotype  1  (IT-1  and  IT-2)  strains  of  P.  aeruginosa 
have  shown  that  high-molecular-weight  PS  preparations 
elicit  type-specific  antibody  in  animals  (14, 15)  as  well  as  in 
humans  (12,  17;  G.  B.  Iher,  manuscript  in  preparation). 
Because  of  the  conditions  utilized  to  purify  high-molecular- 
weight  PS,  some  of  which  subject  the  PS  to  highly  non- 
physiological  temperatures  and  pHs,  it  is  necessary  to  define 
the  immunochemical  properties  of  PS  prepared  from  the 
different  Fisher  immunotypes.  In  this  report,  we  character¬ 
ize  some  of  the  biochemical,  immunological,  and  protective 
properties  of  high-molecular-weight  PS  prepared  from  a 
Fisher  IT-3  strain  of  P.  aeruginosa. 

*  Corresponding  author. 


MATERIALS  AND  METHODS 

Bacterial  strains.  High-molecular-weight  PS  was  recov¬ 
ered  from  the  culture  supernatant  of  a  clinical  isolate  of  P. 
aeruginosa  (strain  PBBH  12136-80)  that  was  characterized 
as  a  Fisher  IT-3  strain  (4).  It  was  established  in  our  labora¬ 
tory  that  this  strain  gave  high  yields  of  the  desired  antigen. 
For  some  experiments,  we  ^so  utilized  the  Fisher  IT-5 
strain,  obtained  originally  from  M.  W.  Fisher,  Parke,  Davis 
&  Co.,  Detroit,  Mich. 

Preparation  of  IT-3  PS,  LPS,  and  O  polysaccharide  side 
chains.  High-molecular-weight  PS  was  prepared  as  previous¬ 
ly  described  (12, 13,  15).  The  organisms  were  grown  in  14 
liters  of  the  chemically  defined  medium  of  Terleckyj  et  al. 
(22)  in  an  LSL  Biolafitte  20-liter  fermentor.  The  LPS  was 
extracted  from  lyophilized  cells  of  this  n'-3  strain  by  the 
phenol-water  method  of  Westphal  et  al.  (23)  and  purified  as 
previously  described  (15, 16).  O  polysaccharide  side  chains 
were  derived  from  the  LPS  by  hydrolysis  in  1%  acetic  acid  at 
95”C  for  6  h.  The  lipid  A  precipitate  was  removed  by 
centrifugation,  and  the  supernatant  was  dialyzed  against 
deionized  water  and  lyophilized. 

Rabbit  antbera.  Antisera  were  raised  in  rabbits  to  whole 
organisms  and  to  high-molecular-weight  PS,  using  the  immu¬ 
nization  schedule  previously  described  (16). 

Serological  methods.  Ouchterlony  immunodiffusion  analy¬ 
ses  were  performed  as  previously  described  (16).  Measure¬ 
ment  of  antibody  to  the  IT-3  high-molecular-weight  PS  was 
done  by  utilizing  a  radioactive  antigen  binding  assay  as 
described  previously  (12, 15).  Preparation  of  the  intrinsically 
'^C-labeled  IT-3  PS  from  a  minimal  medium  was  as  de¬ 
scribed  previously  (15). 

Chemical  analyses.  I^otein  was  assayed  by  the  method  of 
Lowry  et  al.  (7).  Nucleic  acid  was  determined  by  absorption 
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al  254  nm,  using  salmon  sperm  DNA  as  a  standard.  2-Keto- 
3-deoxyoctulosonic  acid  was  assayed  by  the  method  of 
Osborn  (8).  Lipids  were  assayed  by  gas-liquid  chromatogra¬ 
phy  of  fatty  acid  methyl  esters  as  described  previously  (15). 
Gelation  of  the  Limulus  amoebocyte  lysate  was  performed  in 
single  vial  tubes  (Mallinckrodt  Chemicals.  St.  Louis,  Mo.) 
according  to  the  manufacturer's  instructions. 

Monosaccharide  analysis.  Because  of  the  reported  occur¬ 
rence  of  unique  monosaccharide  residues  in  the  O  side  chain 
isoiated  from  strains  of  P.  aeruginosa  that  are  serologicaliy 
identical  to  the  Fisher  IT-3  strain  (5,  6),  we  developed 
conditions  to  attempt  to  identify  these  residues  in  our 
preparations.  Portions  of  high-molecular-weight  PS  and  O 
polysaccharide  antigens  were  reduced  twice  with  water- 
soluble  carbodiimide  and  NaBH4  by  the  method  of  Taylor 
and  Conrad  (21).  Both  unreduced  and  reduced  materials  (2 
mg)  were  then  hydrolyzed  with  100  pJ  of  aqueous  hydrogen 
fluoride  (HF)  (49%  in  water)  in  polypropylene  tubes  at  room 
temperature  for  24  h.  The  HF  was  removed  under  vacuum  in 
the  presence  of  NaOH,  the  sample  was  redissolved  in  200  pJ 
of  water,  and  then  one  half  was  removed  for  further  hydroly¬ 
sis  in  2  M  HCI  at  100°C  for  3  h.  The  two  samples  were  then 
made  to  1  M  ammonia  with  ammonium  hydroxide  and 
derivatized  to  the  alditol  acetates  by  the  method  of  Blakeney 
et  al.  (2).  The  samples  were  analyzed  on  a  Hewlett-Packard 
5880A  gas-liquid  chromatograph  equipped  with  a  25-ft  (7.62- 
m)  Silar  IOC  capillary  column  (Alltech  Associates,  Deer¬ 
field,  III.).  Detection  was  with  flame  ionization  detectors.  A 
split  ratio  of  20:1  was  employed.  Conditions  for  analysis 
were  a  column  pressure  of  20  Ib/in^  and  an  initial  tempera¬ 
ture  of  230^  for  5  min,  followed  by  a  rise  of  lO'C/min  to 
250^  for  a  further  10  min.  The  injector  temperature  was 
250°C,  and  the  detector  temperature  was  260°C. 

Molecular  size  determinations.  The  apparent  molecular 
sizes  of  the  IT-3  PS  and  the  O  polysaccharide  side  chain 
were  determined  by  high-performance  liquid  chromatogra¬ 
phy  as  previously  described  (13). 

Animal  studies.  The  toxicity  in  mice  and  guinea  pigs  of  the 
IT-3  PS  was  determined  as  described  previously  (12).  Rabbit 
pyrogenicity  was  also  assessed  as  previously  described  (12). 
Active  immunization  of  C3H/FeJ  mice  (Jackson  Labora¬ 
tories,  Bar  Harbor,  Maine)  for  antibody  studies  was  per¬ 
formed  as  previously  described  (11).  Blood  was  obtainoi.^ 
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FIG.  1.  Reaction  of  identity  between  lT-3  high-molecular-weight 
PS  (1)  and  O  side  chains  (2)  against  rabbit  antiserum  raised  to  whole 
organisms  (center  well). 


TABLE  1.  Properties  of  peaks  found  by  gas-liquid 
chromatography  analyses  of  IT-3  PS  and  O  side  chains 


PS  state* 

Hydrolysis 

conditions* 

in  peaks  found  in: 

.-r  ,  DC  O  *'4« 

tT-3  PS  chains 

Unreduced 

HF 

2.07 

2.07 

Reduced 

HF 

1.03 

1.03 

2.07 

2.07 

Unreduced 

HF-HCl 

2.07 

2.07 

Reduced 

HF-HCI 

2.07 

2.07 

Authentic 

2.07 

DFucNAc 

*  PSs  were  either  reduced  with  caibodiimide  by  the  method  of  Taylor  and 
Conrad  (21)  or  were  untreated  (unreduced). 

*  HF  indicates  49%  aqueous  HF  at  room  temperature  for  24  h  alone;  HF- 
HCI  indicates  the  same  procedure  followed  by  2  M  HCI  at  KNPC  for  3  h. 

pre-  and  post-immunization  from  the  retroorbital  plexus  of 
ether-anesthetized  animals,  and  serum  antibody  was  assayed 
in  the  radioactive  antigen  binding  assay  described  above. 
Active  and  passive  immunizations  of  (^D-1  mice  (Charles 
River  Breeding  Laboratories,  Inc.,  Wilmington,  Mass.),  and 
subsequent  intraperitoneal  (i.p.)  challenge  with  a  dose  of  live 
organisms  sufficient  to  kill  90  to  100%  ^  nonimmune  mice, 
were  performed  as  described  previously  (14).  Immunization 
and  challenge  of  C3H/FeJ  mice,  utilizing  the  burned  mouse 
model  of  Stieritz  and  Holder  (20)  as  modified  by  Pavlovskis 
et  al.  (9),  was  also  done  to  assess  the  protective  capacity  of 
IT-3  PS.  The  50%  lethal  inoculum  (LDjo)  ±  95%  confidence 
interval  of  the  challenge  organism  was  determined  in  immu¬ 
nized  and  unimmunized  control  mice  by  the  method  of 
Spearman  and  Karber,  as  described  by  Finney  (3). 

RESULTS 

Isolation  of  IT>3  high-moiccular-weight  PS.  An  average  of 
75  mg  of  IT-3  PS  was  recovered  alter  growth  of  the  IT-3 
strain  of  P.  aeruginosa  in  14  liters  of  the  chemically  defined 
medium  of  Terleckyj  et  al.  (22).  Immunodiffusion  analysis  of 
the  isolated  PS  and  the  O  side  chain  of  IT-3  LPS  demonstrat¬ 
ed  a  line  of  identity  when  these  two  antigens  were  reacted 
with  rabbit  antiserum  to  whole  organisms  (Fig.  1).  Molecular 
size  analysis  by  high-performance  liquM  chromatography 
showed  a  single  peak  of  material  with  an  apparent  molecular 
weight  of  1.3  x  lO’,  as  determined  from  a  standard  curve 
plotting  the  logio  molecular  weight  of  dextran  polymers 
versus  elution  volume.  The  O  polysaccharide  side  chain 
prepared  from  the  LPS  had  an  apparent  molecular  weight  of 
0.3  X  lo’  by  this  method. 

Chemical  characterinthm  of  lT-3  PS.  Biochemical  analysis 
of  IT-3  PS  for  protein,  nucleic  acids,  lipids,  and  2-keto-3- 
deoxyoctulosonic  acid  showed  only  low-level  contamination 
with  protein  and  nucleic  acid  (0.3  and  0.5%  of  total  weight, 
respectively)  and  no  detectable  lipid  or  2-keto-3-deoxyoctu- 
losonic  acid.  lT-3  PS  did  not  gel  the  Limuius  amoeb(Kyte 
lysate  at  a  concentration  of  10,000  ng/ml,  but  IT-3  LPS 
caused  gelation  at  a  ccmcentration  of  10  ng/ml.  Carbohydrate 
analysis  by  traditional  means  was  not  possible  because  of  the 
reported  occurrence  of  unique  dideoxyhexosamine  and  di- 
aminouronic  acid  constituents  in  IT-3  O  side  chains  (5,  6). 
Analyses  for  the  water  content  of  material  indicated  a  gain  of 
approximately  20%  in  the  weight  of  rT-3  PS  freshly  removed 
from  a  lyophilizer  when  compared  with  the  weight  of  the 
same  material  after  storage  at  -20*C  for  1  week  over  silica 

gel- 

Monosaccharide  constituents  of  lT-3  PS  and  LPS.  Knirel  et 
al.  (5, 6)  have  reponed  that  the  O  polysaccharide  side  chain 
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TABLE  2.  Antibody  response  of  rabbits  and  mice  to  IT-3  PS  and 
O  side  chains 


Animals 

Immunogen 

Antibody  level  (pg/mir 

Preimmune 

Postimmune 

Rabbits 

PS 

1.1  ±  0.4 

23.2  ±  7.3 

Mice  (C3WFeJ) 

PS 

0.9  ±  0.3 

8.1  ±  6.2 

0  side  chains 

0.9  ±  0.4 

1.0  ±  0.3 

*  Values  represent  the  fcomctric  mean  e  standard  deviation  of  three 
lahbas  or  10  mice. 


isolated  from  the  LPS  of  the  Lanyi  0:3(a),c  serotype  strain 
of  P.  aeruginosa  is  composed  of  a  trisaccharide  repeating 
unit  consisting  of  2.3-(l-acetyl-2-methyl-2-imidazoliho-S,4)- 
2,3-dideoxy-D-mannuronic  acid  (DManImU),  2,3-diaceta- 
mido-2,3-dideoxy-L-guluronic  acid  [LGul(N  Ac)2].  and  2-ace- 
tatnido-2,6-dideoxy-D-galactose  (DFucNAc).  This  strain  is 
reported  to  be  serologically  identical  to  the  Fisher  IT-3 
strain.  Thus,  we  expected  these  monosaccharides  to  be 
present  in  the  IT-3  high-molecular-weight  PS  based  on  its 
serological  identity  with  IT-3  O  side  chains.  We  found  that 
both  IT-3  PS  and  O  side  chains  that  were  reduced  with 
caibodiimide  and  then  hydrolyzed  with  HF  yielded  a  unique 
peak  on  gas-liquid  chromatography  with  an  R^u  of  1.03,  and 
a  second  peak  that  co-chromatographed  with  authentic 
DFucNAc  (R,ki>  2.07;  Table  1).  The  former  peak  (R,iu,  1.03) 
was  present  at  a  level  of  only  1%  in  non-carbodiimide- 
redu^  samples  of  IT-3  PS,  suggesting  that  this  peak  was 
composed  of  either  or  both  the  DManImU  and  LGul(NAc)2 
components.  The  DFucNAc  component  was  present  in 
equal  amounts  in  both  reduced  and  nonreduced  samples. 
The  portion  of  reduced  material  that  was  then  further 
hydrolyzed  with  2  M  HCl  after  HF  hydrolysis  showed  a  loss 
of  the  first  peak  (R,iu.  1.03)  after  the  HCl  hydrolysis  (Table 
1).  This  finding  is  consistent  with  the  interpretation  that  the 
i^t  peak  was  composed  of  either  or  both  of  the  uronic  acid 
moieties,  since  they  are  labile  to  2  M  HCl.  Further  support 
for  the  correctness  of  our  gas-liquid  chromatographic  identi¬ 
fication  of  these  unique  monosaccharides  is  provided  by 
preliminary  *’C  nuclear  magnetic  resonance  analysis  of  the 
IT-3  PS  and  the  O  side  chain.  This  analysis  establishes  a 
similarity  between  the  nuclear  magnetic  resonance  spectra 
of  IT-3  PS  and  the  O  side  chain  and  the  nuclear  magnetic 
resonance  spectra  reported  by  Knirel  et  al.  for  the  Lanyi 
0:3(a),c  O  PS. 

Animal  toxicily.  Mice  (21  g)  iqjected  i.p.  with  500  ^g  of  IT- 


3  PS.  and  guinea  pigs  (350  g)  iqiected  i.p.  with  2  mg  of  IT-3 
PS,  demonstrated  normal  weight  gains  and  no  evidence  of 
systemic  toxicity  over  a  2-week  period.  Three  rabbits,  each 
given  IS  <k  IT-3  PS  per  kg,  showed  an  aggregate 
temperature  rise  of  0.1‘C  over  3  h,  indicating  the  lack  of 
pyrogenicity  of  the  IT-3  PS.  Together,  these  studies  indicate 
the  safety  of  the  lT-3  PS  as  assessed  by  standard  toxicity  and 
pyrogenicity  assays. 

Immunogcnidty  of  IT-3  PS.  Rabbits  given  a  2-week  immu¬ 
nization  course  of  intravenous  iqjections  of  IT-3  PS  had 
increased  antibody  levels  to  this  antigen,  as  measured  in  the 
radioactive  antigen  binding  assay  (T^le  2).  Similarly,  C3H/ 
FeJ  mice  given  three  i.p.  SO-pg  doses  of  IT-3  PS  at  5-day 
intervals  had  increased  antibody  levels  5  days  after  the  final 
injection  (Table  2).  No  increase  in  antibody  level  was  seen  in 
mice  given  three  50-pg  doses  of  IT-3  LPS  O  side  chains 
(Table  2). 

Active  prolectioa  of  mice.  Outbred  CD-I  mice  immunized 
with  a  single  50-pg  dose  of  IT-3  PS  had  increased  survival 
after  i.p.  challenge  with  live  cells  as  compared  with  nonim- 
mune  mice  (P  <  0.01  by  the  Fisher  exact  test)  (Table  3). 
Inbred  C3H^eJ  mice  immunized  with  three  50-pg  doses  of 
IT-3  PS  were  protected  against  subsequent  live  challenge  at 
the  site  of  a  fresh  bum  iqiury  with  graded  inocula  of  IT-3 
bacteria  (Table  3).  This  protection  was  manifested  by  a 
greater  than  1,000-fold  increase  in  the  LDjo  of  the  challenge 
strain  in  the  immunized  mice  when  compared  with  t^ 
unimmunizml  mice. 

Cross-protection  to  IT-5  P.  neraguMM.  Previously,  we 
have  us^  the  cross-protective  abOity  of  high-molecular- 
weight  K  antigen  as  a  means  of  determining  whether  low- 
level  contamination  of  PS  antigens  with  LPS  could  account 
for  the  immunogenicity  observed  in  PS  prep^tions  (il). 
Levels  of  LPS  as  low  as  0.01%  in  PS  can  be  immunogenic 
(14,  15).  However,  this  immunogenicity  results  only  in 
serotype-specific  protection.  Therefore,  if  high-molecular- 
weight  PS  can  elicit  heterologous  serotype  (heterotype) 
protection  at  doses  comparable  to  those  that  give  homolo¬ 
gous  ty)p«  protection,  then  an  immunologically  active  com¬ 
ponent  in  PS  other  than  LPS  must  be  responsible  for 
heterotype  protection.  We  found  this  to  be  true  for  the  IT-3 
PS,  which  was  capable  of  protecting  mice  against  challenge 
with  rT-5  P.  aeruginosa  (Table  4).  The  dose  of  IT-3  PS 
needed  to  elicit  protection  against  lT-5  PS  was  comparable 
to  the  dose  needed  for  homologous  protection  (Tables  3  and 
4).  Low  doses  of  IT-3  LPS  induced  homologous  protection 
only  (Table  4).  Doses  of  LPS  equivalent  to  those  of  PS  were 


TABLE  3.  Protection  of  mice  against  P.  aeruginosa  IT-3  challenge  after  active  immunization  with  IT-3  PS 


House  strain 

Status 

Type  of 
infection 

Outcome 

No.  of 
survivors/no. 
challenged 

LD» 

Significance 

CD-I 

Immune' 

Nonimmune 

i.p.» 

19/20 

2/20 

p  <  o.or 

C3H/FeJ 

Immune** 

Nonimmune 

Bum** 

8.5  X  10’ 

5.4  X  10* 

Non-overlapping 

99%  confidence  intervals  of 
LDuf 

*  Received  a  single  SO-iig  i.p.  ipieclion  of  IT-3  PS  7  days  before  challenge. 

*  Received  4  x  10’  CFV  of  IT-l  PS  organisms. 

'  Cakulaled  by  the  Fisher  exact  lest. 

“  Received  three  SO-pg  i.p.  injections  at  S-day  intervals  (controls  received  equivalent  doses  of  bovine  serum  albumin  on  an  identical  schedule):  challenge  was  .3 
days  after  Anal  immunization. 

'  Serial  lO-fold  dilutions  of  IT.3  organisms  were  injected  subcutaneously  at  the  site  of  a  fresh.  10-s  alcohol  Itame  bum  (2.3  by  2.3  cm):  live  mice  were  injected 
per  dilution. 

'  LDw  and  99%  confldence  intervals  were  determined  by  the  Spearman-Karber  method  13). 
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TABLE  4.  Protection  of  CD-I  mice  against  challenge  with  IT-3 
and  IT-S  P.  aeruginosa  (PA)  after  immunization  with  IT-3  PS  and 
_ l£S _ 

%  Survivors*  after  chat- 


Immunofen 

Dose*  ()ig) 

knge  with: 

IT-3  PA 

IT-S  PA 

lT-3  LPS 

0.01 

80 

0 

50 

100 

50 

100 

100 

80 

IT-3  PS 

50 

90 

80 

100 

100 

70 

Saline 

0 

0 

*  A  single  iqieclion  was  given  i.p. 

*11  >  10:  a  survival  rale  ^>60%  represents  significant  praieclion(P<O.OS 
by  a  Fisher  exact  test). 


required  to  produce  heterotype  protection.  These  data 
strongly  suggest  that  type-specific  LPS  is  not  a  major 
immunogenic  component  in  IT-3  preparations. 

DISCUSSION 

Our  results  indicate  that  an  immunogenic,  nontoxic,  high- 
molecular-weight  PS  can  be  isolated  from  the  IT-3  strain  of 
P.  aeruginosa  in  a  manner  analogous  to  that  previously 
reported  for  IT-1  and  IT-2  strains  (12. 13, 15, 16).  IT-3  PS  has 
properties  indicating  that  it  is  a  high-molecular-weight  form 
of  the  lT-3  LPS  O  side  chain.  The  serological  and  chemical 
identities  of  the  IT-3  PS  and  O  side  chains  strongly  support 
this  conclusion.  The  different  molecular  weights  of  IT-3  PS 
and  O  side  chains  are  likely  responsible  for  their  distinct 
immunological  properties. 

In  contrast  to  IT-1  and  IT-2  PSs,  which  contained  arabi- 
nose  and  galactose  in  addition  to  monosaccharides  associat¬ 
ed  with  the  LPS  (15, 16),  IT-3  PS  contained  no  monosaccha¬ 
rides  other  than  those  also  found  in  the  IT-3  O  side  chain.  As 
in  the  case  of  IT-1  and  IT-2  PS,  media  components  were 
excluded  as  contaminants  of  IT-l  PS  because  c(  our  use  of  a 
chemically  defined  medium  (22)  that  contained  only  low- 
molecular-weight  components.  Arabinose  and  galactose  may 
represent  components  of  a  bacterial  arabinogalactan  that 
copurifies  with  the  high-molecular-weight  PS  of  IT-1  and  IT- 
2  P.  aeruginosa.  Alternatively,  the  organism  may  synthesize 
the  O  side  chain  components  on  a  molecule  that  also 
contains  arabinose  and  galactose.  The  lack  of  these  extra 
sugars  in  the  IT-l  PS  preparations  indicates  that  this  strain 
either  does  not  make  the  arabinogalactan  material  or  does 
not  attach  arabinose  and  galactose  to  the  side  chain.  Despite 
the  absence  of  these  extra  sugars,  IT-3  PS  is  of  sufficient 
molecular  size  to  be  immunogenic. 

Our  inability  to  completely  characterize  the  monosaccha¬ 
ride  constituents  of  IT-3  PS  is  due  to  the  apparent  occur¬ 
rence  of  unique  sugars  that  can  only  be  identified  4>y  means 
not  available  in  our  laboratory.  We  have,  however,  inferred 
the  presence  of  DManImU  and  LGuKNAc)]  from  our  chemi¬ 
cal  results  based  on  findings  published  from  other  labora¬ 
tories  on  the  O  polysaccharide  side  chain  structures  of  P. 
aeruginosa  strains  serologically  identical  to  the  Fisher  IT-3 
strain  (5, 6).  More  detailed  chemical  and  structural  analyses 
of  the  IT-3  PS  are  in  progress,  and  preliminary  ”C  nuclear 
magnetic  resonance  data  confirm  (he  structural  similarities 
of  IT-3  PS  and  the  IT-3  O  side  chains.  The  exact  monosac¬ 
charide  constituents  still  await  characterization. 

Isolation  of  the  IT-3  PS  extends  the  concept  that  P. 
aerugionsa  strains  produce  a  high-molecular-weight  O  side 
chain  with  vaccine  potential.  It  is  not  presently  known 
whether  the  PS  material  we  are  isolating  is  linked  to  native 
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LPS  and  released  in  the  course  of  our  purification  proce¬ 
dure,  or  whether  IT-3  PS  is  produced  as  a  separate  molecule 
during  actual  bacterial  growth.  In  either  case,  two  striking 
features  of  P.  aeruginosa  high-molecular-weight  PSs  are 
their  low  toxicity  and  good  immunogenicity  in  animals  (11, 
14. 15)  and  humans  (12, 17).  As  demonstrated  once  again  in 
this  study,  if  conditions  can  be  established  for  isolating 
nontoxic,  immunogenic,  high-molecular-weight  PS  from  se¬ 
rotypes  of  clinically  relevant  strains  of  P.  aeruginosa,  a 
comprehensive  multivalent  vaccine  should  be  feasible,  l^e 
component  PS  antigens  of  such  a  vaccine  are  likely  to  be 
effective  immunogens,  based  on  the  established  role  of 
serotype-specific  immunity  in  the  prevention  of  P.  aerugi¬ 
nosa  disease  (18. 19). 
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Previous  studies  have  demonstrated  in  vivo  that 
T  cells  can  provide  protective  immunity,  in  the  ab¬ 
sence  of  antibody,  against  infection  with  the  extra¬ 
cellular  Gram-negative  bacterium  Immunotype  1 
(lT-1)  Pseudomonas  aeruginosa.  We  established  an 
in  vitro  system  in  which  immune  T  cells,  after  re- 
exposwe  to  bacterial  antigens  and  to  macrophages, 
secrete  a  product  that  kills  the  bacteria.  Although 
macrophages  are  required  for  in  vitro  killing,  they 
function  neither  as  antigen-presenting  nor  as  phag¬ 
ocytic  cells  in  this  system.  T  cells  from  animals 
immunized  against  a  different  P.  aeruginosa  im¬ 
munotype  will  not  kill  lT-1  organisms;  but  the  su¬ 
pernatants  produced  by  IT-1  immune  T  cells  after 
exposure  to  macrophages  and  IT-1  P.  aeruginosa 
organisms  are  nonspecifically  effective  in  killing 
unrelated  bacteria.  Because  the  supernatants  from 
immune  T  cells  lose  their  bactericidal  properties 
upon  minimal  dilution,  we  conclude  that  if  this 
mechanism  is  active  in  vivo,  it  must  play  a  role  in 
local  immtmity. 

Protective  immunity  to  extracellular  bacteria  has  tra¬ 
ditionally  been  attributed  to  the  activity  of  antibody, 
complement,  and  phagocytic  cells.  Other  than  function¬ 
ing  as  helpter  cells  for  antibody  responses,  T  cells  have 
been  thought  to  be  of  little  importance  in  such  Immunity. 
T  cells  do  play  a  critical  role  in  resistance  to  intracellular 
bacteria,  and  analysis  of  this  resistance  has  provided 
new  insights  into  the  understanding  of  basic  immune 
mechanisms  (reviewed  in  Reference  1). 

We  have  been  studying  protective  immunity  to  the 
extracellular  Gram-negative  bacterium.  Pseudomonas 
aeruginosa  (P.  aeruginosa).  These  bacteria  contribute 
significantly  to  the  morbidity  and  mortality  of  immuno- 
suppressed  patients,  burn  patients,  and  children  with 
cystic  fibrosis.  Most  studies  of  protective  immunity 
against  P,  aeruginosa  have  focused  on  the  role  of  anti¬ 
body  directed  against  the  bacteria  or  their  toxic  products 
(2,  3|.  Few  studies  have  examined  the  importance  of  T 


Received  for  publication  January  3.  1984. 

Accepted  for  publication  April  23.  1984. 

The  costs  of  publication  of  this  article  were  defrayed  In  part  by  the 
payment  of  page  charges.  This  article  must  therefore  be  hereby  marked 
advertisement  In  accordance  with  18  U.S.C.  Section  1734  solely  to  Indi¬ 
cate  this  fact. 

'  This  work  was  supported  by  a  grant  from  the  Council  for  Tobacco 
Research,  by  funds  provided  by  the  Auxiliary  of  the  Jewish  Hospital  of 
St.  Louis,  by  Public  Health  Service  Grants  AI-15353  and  AI-IS83S  from 
the  National  Institutes  of  Health,  and  DAMU- 1 7-79C-90S0  from  the  U.S. 
Army  Research  and  Development  Command. 


cells  in  protection  against  these  bacteria. 

We  have  identified  an  inbred  mouse  strain.  BALB/c. 
that  is  Incapable  of  generating  an  antibody  response  to 
low  doses  of  a  high  m.w.  polysaccharide  (PS)^  antigen 
isolated  from  broth  cultures  of  P.  aeruginosa  (4).  BALB/ 
c  mice  immunized  with  low  doses  of  PS  could  not  resist 
challenge  with  the  live  organism  any  more  effectively 
than  unimmunized  control  mice.  On  the  other  hand,  mice 
from  another  inbred  strain.  C3H/ANF,  did  produce  anti¬ 
body  after  low  dose  PS  immunization,  and  when  com¬ 
pared  to  unimmunized  control  mice,  were  protected 
against  live  bacterial  challenge. 

BALB/c  mice  that  received  the  cytotoxic  agent  vinblas¬ 
tine  sulfate  at  the  time  of  low  dose  PS  immunization 
failed  to  produce  antibody,  but  they  were  protected 
against  live  bacterial  challenge.  The  protective  immunity 
observed  in  these  mice  was  T  cell-mediated  (5). 

To  understand  the  mechanisms  by  which  T  cells  par¬ 
ticipate  in  the  destruction  of  ext.-acellular  bacteria,  we 
established  an  in  vitro  system  in  which  Immune  T  cells 
kill  P.  aeruginosa.  We  now  describe  this  system  and 
define  the  mechanism  by  which  T  cells  kill  these  extra¬ 
cellular  bacteria. 

MATERIALS  AND  METHODS 

Bacteria.  FIsher-Devlin  Immunotypes  1  and  4  (IT-I  and  IT-4|  of 
P.  aeruginosa  (originally  provided  by  M.  Fisher,  Parke-Davis  Co.. 
Detroit.  MI)  were  grown  overnight  In  50  ml  trypticase-soy  broth. 
Bacteria  from  this  overnight  growth  were  Inoculated  into  20  ml  of 
fresh  broth  to  obtain  a  relative  optical  density  of  0.05  OD  units  (35 
Spectrophotometer.  Perkin-Elmer  Corporation,  Coleman  Instru¬ 
ments  Division.  Oak  Park.  IL).  and  were  allowed  to grow  toa  density 
of  0.20  OD  units.  These  bacteria  were  then  harvested,  washed  once 
In  0.15  M  NaCI.  and  resuspended  to  a  concentration  of  I  O.D.  unit, 
which  routinely  contained  2  to  3  x  10’  colony  forming  units  of  P. 
aeruginosa.  The  bacteria  were  then  diluted  in  medium  and  added  lo 
microwells  to  assess  In  vitro  killing.  Staphyloccocus  aureus  (Amer¬ 
ican  Type  Culture  Collection  (ATCCI  25923).  E.  coll  (ATCC  25922). 
and  a  strain  of  P.  aeruginosa  highly  resistant  to  gentamicin  were 
obtained  from  slocks  maintained  in  the  Bacteriology  Laboratory  of 
The  Jewish  Hospital  of  St.  Louis.  St.  Louis.  MO. 

Mice.  BALB/c  mice  were  obtained  from  the  Animal  Facility  of  The 
Jewish  Hospital  of  St.  Louis,  and  from  Cumberland  View  Farms. 
Clinton.  TN. 

Cell  separation.  T  cells  were  prepared  according  to  Wysocki  and 
Sato  (6).  Briefly.  3x10'  spleen  cells  from  BALB/c  mice  were  placed 
for  70  min  on  petii  dishes  that  had  been  precoated  with  SO affinity- 
purified  goat  anil-mouse  Immunoglobulin  (lg|  antiserum  (Gateway 
Immunosera.  St.  Louis.  MO|.  The  nonadherent  cells  were  collected 
and  placed  for  70  min  on  a  second  anti-mouse  Ig  antiserum  coated 
petrl  dish.  The  nonadherent  cells  collected  from  this  second  cycle  of 
adherence  routinely  contained  fewer  than  5%  cells  that  reacted  with 

’Abbreviations  used  In  this  paper:  ATCC.  American  Type  Culture 
collection:  (T-l.  immunotype  I;  IT-4,  immunotype  4;  PS.  high  m.w. 
polysaccharide  Isolated  from  P.  aeruginosa  broth  cultures. 
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f.uorescent  goat  anti-mouse  Ig  antiserum.  The  response  of  the  non¬ 
adherent  cells  to  the  T  cell  mitogen  concanavalln  A  (Con  A;  Phar¬ 
macia  Fine  Chemicals,  PIscataway,  NJ)  was  equivalent  to  the  re¬ 
sponse  of  unseparated  cells,  whereas  their  response  to  the  B  cell 
mitogen  llpopolyaaccharlde  (LPS).  obtained  from  Salmonella  enter- 
tdttts  (Olfco.  Detroit.  MI)  was  routinely  reduced  by  at  least  75%  when 
compared  to  the  response  of  unseparated  spleen  cells.  After  the 
second  cycle  of  adherence,  nonadherent  cells  were  Incubated  over¬ 
night  at  37°C  In  20  ml  tissue  culture  flasks  In  a  5%  COi  atmosphere, 
and  the  nonadherent  cells  from  this  overnight  Incubation  were 
harvested  and  washed.  Fewer  than  1  of  300  of  these  cells  were 
nonspecific  esterase  staln-positive. 

Macrophages  were  obtained  by  lavaging  the  peritoneum  of  non- 
Immune  BALB/c  mice  with  Hanks'  balanced  salt  solution  (HBSS). 
These  resident  cells  were  allowed  to  adhere  overnight  in  microwells, 
and  the  nonadherent  cells  were  then  washed  free  the  next  day  with 
warm  medium.  The  remaining  adherent  cells  were  routinely  93  to 
95%  nonspecific  esterase-positive. 

T  cells  were  depleted  from  Immune  spleen  cell  populations  by 
Incubation  for  1  hr  at  4°C  in  a  monoclonal  anti-Thy- 1 .2  antibody 
(diluted  1/250  In  cytotoxicity  medium)  followed  by  a  4S-mln  Incu¬ 
bation  at  37“C  In  low  tox  rabbit  complement  diluted  1/10.  The 
reagents  used  In  these  T  cell-depleting  steps  were  obtained  from 
Accurate  Scientific  and  Chemical.  Westbury.  NV.  The  efficiency  of 
the  depletion  Is  Indicated  In  the  legend  to  Table  I. 

Reagents.  The  bacterial  PS  used  In  these  studies  were  prepared 
by  described  methods  (5.  7).  Vinblastine  sulfate  Is  a  product  of  Ell 
Lilly  Co..  Indianapolis.  IN. 

Tissue  culture  medium.  RPMI  1640  medium  (GIBCO.  Grand  Is¬ 
land,  NY]  was  supplemented  with  2.0  mM  L-glutamine,  25  mM 
HEPES  buffer  (GIBCO).  50  Mg/ml  gentamicin  sulfate  (Schering  Corp.. 
Kenilworth,  NJ).  and  10%  heat-lnactivated  fetal  calf  serum  (KC 
Biological,  Inc..  Lenexa.  KS),  which  had  been  absorbed  six  times 
with  10*  P.  aeruglnosa/ml  to  remove  any  antibody  to  these  bacteria 
that  might  be  present  In  the  serum.  Before  absorption,  no  antibody 
could  be  -letected  In  this  serum  by  a  radioimmunoassay  that  detects 
antibody  to  the  PS  antigens  (8). 

Assay  oj  bacterial  killing.  T  cell-enriched  lymphocyte  popula¬ 
tions  collected  from  overnight  Incubation  of  doubly  ‘panned'  spleen 
cells  were  washed  and  placed  In  antiblotic-free  tissue  culture  me¬ 
dium  at  a  concentration  of  4  x  IO‘/ml.  Then  0.1  ml  of  these  celts 
was  placed  In  flat-bottomed  microculture  wells  (Falcon  3072.  Bec- 
ton-DIcklnson  Labware.  Oxnard.  CA)  that  either  did  or  did  not  con¬ 
tain  adherent  cells  from  the  peritoneal  lavages  of  non-lmmune  mice. 
Live  P.  aeruginosa  (1  to  2  x  10*)  In  a  volume  of  0.1  ml  of  tissue 
culture  medium  were  then  added  to  the  wells  containing  various 
combinations  of  cells  and/or  medium.  Unless  otherwise  Indicated, 
the  bacteria  used  in  all  experiments  were  Fisher-Devlin  lT-1.  After 
a  4-hr  Incubation  at  37'’C  in  a  moist  5%  CO2  atmosphere,  the  wells 
were  pipetted  vigorously  and  then  a  50-^1  sample  was  removed  and 
plated  on  trypticase-soy  agar.  A  second  50-»il  sample  was  removed, 
diluted  1/10  In  HBSS.  and  plated  on  agar.  The  next  day.  colonies  on 
each  plate  were  counted  and  the  number  of  surviving  bacteria  tn 
each  well  was  calculated.  For  those  studies  in  which  culture  super¬ 
natants  were  used  to  assay  killing,  either  10*  heat-killed  or  10*  live 
bacteria  were  added  to  the  wells  In  which  the  supernatants  were 
prepared.  After  4  hr.  the  supernatants  were  collected  and  passed 
through  a  0.45->im  sterile  filter  (Gelman.  Ann  Arbor.  Ml)  to  remove 
bacteria  and  cells.  Then  O.I  ml  of  each  supernatant  was  added  to 
0. 1  ml  of  the  bacteria  |10*/ml  In  tissue  culture  medium)  In  flat- 
bottomed  microculture  wells  and  bacterial  survival  was  assessed 
after  4  hr  Incubation  at  37°C  In  a  5%  CO3  atmosphere. 

In  all  experiments,  the  percent  of  bacteria  killed  was  determined 
by  subtracting  the  mean  number  of  bacteria  surviving  In  experimen¬ 
tal  wells  from  the  mean  number  surviving  in  wells  containing  only 
medium,  dividing  this  difference  by  the  mean  numlKr  of  bacteria 
surviving  In  the  media  control  wells,  and  multiplying  by  100. 

Statistics.  A  one-way  analysis  of  variance  using  an  F  test  (9)  was 
employed  to  analyze  the  difference  between  experimental  groups.  P 
values  <  0.05  were  considered  significant. 

RESULTS 

In  ultra  T  cell- mediated  killing  of  P.  aeruginosa.  Wc 
first  investigated  the  cell  combinations  and  conditions 
required  for  In  vitro  T  cell-mediated  killing  of  P.  aerugi¬ 
nosa  IT-1.  BALB/c  mice  were  injected  with  125  pg  vin¬ 
blastine  (i.v.)  and  10  pg  lT-1  PS  (i.p.)-.  6  to  7  days  later, 
their  spleen  cells  were  harvested,  enriched  for  T  cells, 
cultured  overnight,  and  then  added  to  microwell  cultures 
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the  next  day.  Resident  peritoneal  macrophages  were  har¬ 
vested  from  non-lmmune  mice,  allowed  to  adhere  to  ml- 
crowells  overnight,  and  washed  free  of  nonadherent  cells. 
To  mtcrowells  containing  various  cell  combinations  we 
added  2  x  10^  bacteria  and  compared  their  survival  after 
4  hr  incubation  to  bacteria  surviving  in  wells  containing 
only  tissue  culture  medium.  The  combinations  were  Im¬ 
mune  T  cells  alone,  resident  macrophages  alone,  or  both 
resident  macrophages  and  immune  T  cells.  We  also  stud¬ 
ied  bacterial  survival  in  the  presence  of  resident  macro¬ 
phages.  immune  T  cells,  and  10*  heat-killed  bacteria. 
Both  macrophages  and  Immune  T  cells  had  to  be  present 
to  effect  a  significant  (p  <  0.05)  reduction  in  viable  bac¬ 
teria.  compared  to  wells  containing  only  medium  (Fig.  1). 
The  number  of  bacteria  remaining  in  wells  containing 
only  immune  T  cells  or  only  macrophages  did  not  differ 
significantly  from  wells  containing  medium  only  (p  > 
0.30). 

In  similar  experiments,  survival  of  bacteria  in  wells 
containing  only  resident  macrophages  was  quite  variable, 
but  was  always  significantly  greater  than  in  the  presence 
of  resident  macrophages  and  immune  T  cells.  Further¬ 
more.  the  number  of  viable  bacteria  in  wells  containing 
only  immune  T  cells  was  always  significantly  greater 
than  in  wells  containing  both  macrophages  and  immune 
T  cells. 

The  addition  of  1 0*  heat-killed  bacteria  to  macrophages 
and  Immune  T  cells  did  not  further  decrease  bacterial 
survival,  suggesting  that  2x10*  live  bacteria  are  suffi¬ 
cient  to  stimulate  the  immune  response.  On  the  other 
hand,  the  observation  that  10*  heat-killed  bacteria  did 
not  significantly  increase  bacterial  survival  provides  ev¬ 
idence  that  the  reduction  tn  viable  bacteria  is  not  medi¬ 
ated  by  antibody  or  any  other  antigen-specific  product. 
Such  a  huge  excess  of  dead  bacteria  would  be  expected 
to  adsorb  and  deplete  any  antigen-specific  product  in  the 
medium,  unless  that  product  were  present  in  great  ex¬ 
cess. 

In  the  experiment  shown  in  Figure  1 ,  2  x  10*  bacteria 
had  been  added  to  each  well.  After  4  hr  Incubation,  the 


Figure  I.  Killing  of  2  x  10’  P.  aeruginosa  (P.a.)  In  the  presence  of 
macrophages  |M4)  plus  Immune  T  cells:  Immune  T  cells  alone:  macro¬ 
phages  alone:  or  macrophages.  Immune  T  cells,  and  10*  heat-killed  P. 
aeruginosa.  Control  wells  contained  only  tissue  culture  medium.  Each 
point  represents  the  mean  ±  SEM  of  four  mlcrowells. 
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wells  with  medium  alone  contained  a  mean  of  532  bac¬ 
teria.  in  contrast  to  a  mean  of  216  bacteria  in  wells  with 
macrophages  and  immune  T  cells.  Subsequent  experi¬ 
ments  indicated  that  bacterial  killing,  rather  than  growth 
inhibition,  occurs  in  wells  containing  macrophages  and 
Immune  T  cells. 

Comparison  of  killing  by  Immune  T  cells  and  Immune 
B  cells.  We  next  compared  bacterial  killing  by  T  cell- 
depleted  Immune  spleen  cell  populations  with  bacterial 
killing  by  B  cell-depleted  Immune  spleen  cell  populations. 
The  data  (Table  1)  indicate  that,  when  compared  with 
media  controls.  60%  of  the  bacteria  in  wells  with  mac¬ 
rophages  and  B  cell-depleted  populations  were  killed. 
Only  3 1  %  of  the  bacteria  were  kilM  by  macrophages  and 
T  cell-depleted  populations  (p  =  0.01).  Thus,  macro¬ 
phages  and  T  cell-enriched  populations  of  Immune  spleen 
cells  are  more  effective  at  killing  bacteria  than  are  mac¬ 
rophages  and  T  cell-depleted  populations. 

Comparison  of  killing  by  immune  and  non-lmmune  T 
cells.  We  next  compared  the  ability  of  Immune  and  non- 
lmmune  T  cells  to  promote  bacterial  killing  (Table  II). 
Wells  containing  non-immune  T  cells  and  peritoneal 
macrophages  from  non-lmmune  mice  contained  28% 
fewer  viable  bacteria  than  control  wells.  Wells  with  T 
cells  from  Immunized  mice  and  macrophages  from  non- 
Immunlzed  mice  contained  63%  fewer  bacteria  (p  =  0.02. 
non-immune  vs  immune  T  cells).  These  observations  are 
consistent  with  our  previous  results  showing  that  non- 
immune  BALB/c  mice  are  highly  resistant  to  P.  aerugi¬ 
nosa  Infection  and  that  this  resistance  can  be  enhanced 
by  immunization  with  PS  and  vinblastine  (4.  5). 

Specificity  of  killing  by  T  cells  from  mice  Immunized 
with  PS  and  vinblastine.  BALB/c  mice  were  immunized 
with  a  PS  Isolated  from  Flsher-Devlin  lT-4  P.  aeruginosa, 
and  6  days  later,  their  T  cells  were  harvested  and  placed 
in  tissue  culture  with  macrophages  from  non-lmmune 

TABLE  I 


Comparison  of  killing  of  P.  aeruginosa  by  (tnmune  T  cells  us  (mmune 
B  cells 


Group 

Cells  In  Final 

Culture 

Bacteria 

Surviving 

In  Well  {%  kilting) 

p  Value* 

1 

None  (media  control) 

189  ±  10*  (—1 

<0.0001 

2 

Macrophages 

173  ±  5  (8) 

<0.0001 

3 

AnII-Thy-l  .2-treated  Immune 
spleen  cells  -f  macrophages' 

131  ±  14  (31) 

0.01 

4 

Antl-lg-treated  Immune  spleen 
cells  +  macrophages' 

76  ±13  (6) 

*  This  value  expresses  the  significance  of  the  difference  between  the 
number  of  bacteria  surviving  In  wells  containing  antl-lg-treated  Immune 
spleen  cells  and  macrophages  (group  4)  and  the  number  surviving  In  the 
given  experimental  group. 

*  Mean  ±  SEM  of  number  of  bacteria  surviving  In  four  microwells. 

'  Proliferative  responses  (±  SEM)  to  T  and  B  cell  mitogens  of  the 
separated  cells  were:  group  3:  Con  A  55.977  ±  5904.  LPS  35,867  ±  1034; 
group  4:  Con  A  137.014  ±  9987.  LPS  2,670  ±  372;  unseparated  spleen 
cells:  Con  A  218.508 1  3503.  LPS  60.470  ±  1509. 

TABLE  II 


Kllllngof  P.  aeruginosa  by  T  cells  from  Immunized  vs  non-lmmunized 

mice 


Cells  In  Culture 

Number  of  Bacteria 
Surviving  (%  killing) 

p  Value* 

None  (media  control) 

Immune  T  cells  and  macrophages 
Non-lmmune  T  cells  and  macrophages 

836  ±48’(— ) 
308  ±  8  (63) 
604  ±44  (28) 

<0.0001 

0.0005 

*  This  value  expresses  the  significance  of  the  difference  between  bac¬ 
teria  surviving  In  wells  containing  Immune  T  cells  and  macrophages 
compared  with  the  other  experimental  groups. 

‘Ocometnc  mean  ±  SEM  of  bacteria  surviving  In  four  mlcrowells. 
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mice.  We  added  2  x  10*  live  IT-4  or  IT-1  P.  aeruginosa 
to  these  cultures  and  assayed  bacterial  survival  4  hr  later. 
The  results  (Table  III)  show  that  macrophages  and  IT-4 
immune  T  cells  effectively  kill  IT-4  oiiganisms  (98% 
killed),  although  these  macrophages  and  IT-4  immune  T 
cells  are  Ineffective  in  killing  h"- 1  organisms  (2 1  %  killed). 
We  conclude  that  activation  of  T  lymphocytes  for  in  vitro 
killing  requires  re-exposure  to  the  homologous  immuniz¬ 
ing  antigen. 

Killing  by  supernatants  from  cultures  of  immune  T 
cells  and  macrophages.  To  examine  whether  the  ob¬ 
served  killing  resulted  from  the  secretion  by  cells  of  a 
lethal  product  or  from  direct  Interaction  of  bacteria  and 
cells,  we  assayed  the  ability  of  cell-free  culture  superna¬ 
tants  to  kill  P.  aeruginosa.  Macrophages  and  T  cells  were 
prepared  as  In  previous  experiments  and  five  different 
groups  of  microwell  cultures  were  set  up  (Fig.  2):  1)  mac¬ 
rophages,  immune  T  cells,  and  10®  heat-killed  P.  aerugi¬ 
nosa:  2)  macrophages  and  immune  T  cells  without  bac¬ 
teria:  3)  immune  T  cells  and  10®  heat-killed  P.  aerugi¬ 
nosa:  4)  macrophages  and  10®  heat-killed  P.  aeruginosa: 
and  5)  10®  heat-killed  P.  aeruginosa  in  medium  without 
cells. 


Celia  in  Culture 

IT-1  Butcrla 
Surviving  {%  killed) 

rr-4  Bacteria 
Surviving  killed) 

Ms 

MS-<'4X  lO’Tcells 

Mo  2  X  10’  T  cells 

M«  -f  1  X  lO’Tcells 
Media  alone 

3.400  ±  138(15)’ 
3.160±  106(21)’ 
3.436  ±  183(14) 
3.954  ±  190  (1) 
4.000  ±  186)—) 

3.824  ±  166(17)' 

92  ±  14(98)' 
1.224  ±  196(74) 
3.464  ±  114(25) 
4.624  ±  260  (— ) 

*  Mean  ±  SEM  of  bacteria  surviving  In  four  mlcrowells. 

*p  >  0.3  for  significance  of  difference  In  killing  of  IT- 1  P.  aeruginosa 
between  wells  containing  macrophages  |M4)  and  wells  containing  M4  and 
4x10’  IT-4  Immune  P.  aeruginosa. 

•p  value  <0.0001  for  significance  of  difference  In  killing  of  IT-4  P. 
aeruginosa  between  wells  containing  Md  and  wells  containing  M4  and  4 
X  10’  IT-4  Immune  T  cells. 


SUPERNATE  SOURCE 

Figure  2.  Killing  of  I  x  I  O’  p.  aeruginosa  (P.a.)  by  supernatants  from 
mlcrowells  conlalnlnB  various  combinations  of  Immune  T  cells,  macro¬ 
phages  |M4).  and  l(r  heat-killed  bacteria.  After  3  hr  co-incubatlon  of 
cells  and  bacteria,  the  supernatants  were  collected,  transferred  to  ml¬ 
crowells.  Inoculated  with  I  x  10*  live  bacteria,  and  reIncubated  for  3  hr. 
Control  wells  contained  fresh  tissue  culture  medium.  Each  point  repre¬ 
sents  the  mean  ±  SEM  of  four  mlcrowells. 


TABLE  m 

Specificity  of  protection  achieved  by  Immunization  with  IT-4  PS  and 
vinblastine 
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/•  Aftei*3  hr  incubation,  0. 1  ml  of  the  supernatants  from 
the  five  different  cultures  was  placed  in  microculture 
with  lO’  live  P.  aeruginosa  in  0.1  ml  of  medium.  The 
control  group  contained  fresh  tissue  culture  medium  in¬ 
oculated  with  10^  live  P.  aeruginosa.  After  3  hr  incuba¬ 
tion,  the  number  of  viable  bacteria  was  determined  for 
each  supernatant  group.  When  compared  with  the  con¬ 
trol.  the  supernatant  from  wells  containing  T  cells,  mac¬ 
rophages,  and  bacteria  reduced  the  number  of  viable 
bacteria  by  52%;  this  killing  was  significantly  greater 
than  that  observed  In  any  of  the  other  groups  (p  <  0.005). 
Supernatants  from  wells  containing  T  cells  and  macro¬ 
phages  killed  21%  of  P.  aeruginosa,  those  from  wells 
containing  macrophages  and  bacteria  killed  23%;  those 
from  wells  containing  T  cells  and  heat-killed  bacteria, 
29%;  and  those  from  wells  containing  heat-killed  bacteria 
but  no  cells.  6%  of  the  P.  aeruginosa. 

There  are  two  points  of  note  in  these  results.  First, 
bacterial  killing  in  this  in  ultra  system  is  mediated  by  a 
soluble  product  and  does  not  require  phagocytosis  by 
macrophages.  Second,  maximal  killing  occurs  with  su¬ 
pernatants  obtained  from  cultures  containing  T  cells, 
macrophages,  and  bacteria,  whereas  supernatants  from 
cultures  containing  T  cells  and  macrophages  but  no  bac¬ 
teria  produced  significantly  less  killing  (p  =  0.0003). 

Determination  of  which  cell  secretes  the  soluble  bac¬ 
tericidal  product.  To  determine  whether  the  soluble  bac¬ 
tericidal  product  was  a  lymphokine  or  a  monokine,  we 
conducted  two  separate  experiments.  To  analyze  which 
cell  was  responsible  for  the  bactericidal  effect  observed 
in  the  presence  of  immune  T  cells,  we  assayed  three 
groups  of  Immune  T  cells  (4  x  lOVwell)  and  two  groups 
of  macrophages. 

The  Immune  T  cell  groups  were:  1)  T  cells  that  had 
been  incubated  previously  for  3  hr  with  4x10®  macro¬ 
phages  and  10®  heat-killed  bacteria;  2)  T  cells  that  had 
not  been  incubated  with  either  macrophages  or  bacteria; 
and  3)  T  cells  that  had  been  incubated  for  3  hr  with  4  x 
10®  macrophages  without  bacteria.  The  T  cells  were  har¬ 
vested  from  their  respective  cultures,  washed,  and  placed 
in  fresh  culture  medium  with  10®  live  P.  aeruginosa; 
bacterial  survival  was  determined  after  3  hr. 

The  two  groups  of  macrophages  were;  1)  4  x  10®  mac¬ 
rophages  that  had  been  incubated  with  4x10®  immune 
T  cells  and  10®  heat-killed  bacteria,  and  2)  4  x  10® 
macrophages  that  had  not  been  exposed  to  T  cells  or 
bacteria.  The  macrophages  were  washed  with  warm  me¬ 
dium  to  remove  T  cells  and  heat-killed  bacteria,  and  then 
10®  live  P.  aeruginosa  were  added  to  the  wells.  Bacterial 
survival  was  assayed  after  3  hr  incubation  at  37°C.  A 
media  control  group  was  inoculated  with  10®  live  bacte¬ 
ria.  and  bacterial  survival  was  assayed  at  the  end  of  3 
hr. 

The  results  (Table  IV)  show  that  resident  macrophages 
that  had  not  been  exposed  to  T  cells  and  heat-killed 
bacteria  (group  5)  killed  46%  of  the  bacteria  when  com¬ 
pared  with  control  wells.  Macrophages  that  had  been 
exposed  to  immune  T  cells  and  heat-killed  bacteria  (group 
4)  killed  63%  of  the  bacteria  compared  with  the  control, 
but  this  number  did  not  differ  significantly  from  the  46% 
killing  seen  In  group  5  (p  =  0.07).  On  the  other  hand, 
immune  T  cells  that  had  not  been  exposed  to  macro¬ 
phages  or  bacteria  (group  2)  killed  29%  of  the  bacteria 
compared  to  the  media  controls,  whereas  T  cells  that  had 


TABLE  IV 

AMUty  T  cells  and  macrophages  to  kill  P.  aeruginosa  rtfter  previous 
Incubation  with  and  without  heat-killed  bacteria 


Group 

Cell*  In  Final  Culture 

Bocterto  Surviving 

'  p  Value* 

1 

Immune  T  cells  previously  cultured 
with  macrophages  and  heat-Ulled 
bacteria 

8±  4(99) 

<0.0001  (2) 

2 

Immune  T  cells  not  previously  cul¬ 
tured  with  macrophages  or  bacte¬ 
ria 

456  ±  76  (29) 

3 

Immune  T  cells  previously  cultured 
only  with  macrophages 

24 ±  8(96) 

<0.0001  (2) 

4 

Macrophages  pecvlously  cultured 
with  Immune  T  cells  and  heat- 
kllted  bacteria 

236  ±  32  (63) 

0.07  (5) 

5 

Macrophages  not  previously  cultured 
with  T  cells  or  bacteria 

344  ±50  (46) 

6 

Media  alone  (control) 

640  ±  44  (— ) 

— 

*  Mean  ±  SEM  of  bacteria  surviving  in  four  microwells. 

*  This  value  expresses  significance  of  difference  between  the  particular 
expertmental  group  and  the  group  Indicated  within  the  parentheses. 


been  exposed  to  macrophages  and  bacteria  (group  1) 
killed  99%  of  the  bacteria  (p  <  0.0001 .  group  1  os  group 
2).  These  data  indicate  that  the  final  bactericidal  product 
resulting  from  the  Interaction  of  immune  T  cells  and 
macrophages  is  a  T  cell  lymphokine. 

A  surprising  finding  was  that  Immune  T  cells  exposed 
to  macrophages  in  the  absence  of  bacteria  could,  upon 
subsequent  exposure  to  live  bacteria,  reduce  the  number 
of  viable  organisms  by  96%  compared  with  media  con¬ 
trols  (p  <  0.0001,  group  3  os  group  6).  This  observation 
su^ests  that  the  critical  interaction  between  macro¬ 
phages  and  immune  T  cells  that  must  occur  to  achieve 
optimal  T  cell  bacterial  killing  does  not  involve  presen¬ 
tation  of  antigen  to  T  cells  by  macrophages.  In  fact,  T 
cells  do  not  have  to  be  simultaneously  exposed  to  mac¬ 
rophages  and  bacteria  to  be  activated  for  bacterial  killing, 
although  exposure  of  T  cells  to  macrophages  is  clearly 
required  for  the  T  cells  to  kill  the  bacteria  to  which  they 
are  subsequently  exposed  (p  <  0.0001,  group  1  os  group 
2). 

The  reduction  in  viable  bacteria  in  this  experiment  was 
so  profound  that  it  enables  us  to  confirm  that  the  reduc¬ 
tion  in  bacterial  survival  observed  in  these  in  vitro  ex¬ 
periments  actually  represents  bacterial  killing.  We  added 
2  X  10®  live  bacteria  to  the  cells  in  group  1  and  only  eight 
bacteria  remained  in  these  wells  after  3  hr  incubation. 

Although  this  experiment  suggests  that  the  T  cell  se¬ 
cretes  a  bactericidal  product,  we  sought  to  confirm  this 
conclusion  directly.  We  therefore  again  co-cultured  resi¬ 
dent  i^eritoneal  macrophages  and  immune  T  cells  over¬ 
night.  and  the  following  day  we  separated  the  T  cells 
from  the  adherent  macrophages.  After  washing,  each  cell 
type  was  placed  in  separate  microcultures  with  fresh 
media  and  300  live  P.  aeruginosa.  After  4  hr.  these 
cultures  were  harvested  and  filtered  to  remove  bacteria 
and  cells.  We  then  examined  the  ability  of  the  different 
culture  supernatants  to  kill  P.  aeruginosa  (Table  V).  We 
also  investigated  whether  the  combination  of  T  cell  su¬ 
pernatant  and  macrophage  supernatant  produced  syn¬ 
ergistic  killing. 

Supernatants  obtained  from  T  cells  that  had  been  in¬ 
cubated  overnight  with  macrophages,  separated  from 
those  macrophages,  and  then  exposed  to  live  bacteria, 
killed  50%  of  the  bacteria  compared  to  a  control  well 
containing  only  tissue  culture  m^ia.  Macrophage  super¬ 
natants.  obtained  from  macrophages  that  had  been  ex¬ 
posed  to  T  cells  overnight  and  subsequently  to  live  bac- 


966 


IN  VITRO  KILLING  OF  P.  AERUGINOSA 


78 


TABLE  V 

Abtilty  qf  culture  supematants/rom  Isolated  populations  of 
macrophages  or  immune  T  celts  to  kill  P.  aeruginosa 


Supernatant  Source* 

Bacteria 

Surviving  (%  kllledi* 

p  Value* 

Tcells 

513  ±  79(50) 

_ 

Macrophages 

604  ±71  (21) 

0.02 

T  cells  and  macrophages'' 

653  ±  18(36) 

0.2 

Media  control 

1017±22(— ) 

0.0008 

*  Supeniatants  were  prepared  by  oo-incubating  macrophages  and  Im¬ 
mune  T  cells  overnight,  separating  and  washing  the  two  cell  populations, 
exposing  them  to  live  bacteria  for  4  hr,  and  then  harvesting  and  fllterlitg 
the  supernatant.  All  cultures  contained  200  al  of  supernatant. 

‘Mean  ±  SEM  of  bacteria  surviving  In  three  mlcrowells. 

‘This  value  compares  the  significance  of  differences  between  the 
bacterial  survival  In  wells  containing  T  cell  supernatants  and  the  bacte¬ 
rial  survival  In  the  other  experimental  groups. 

*  This  group  of  wells  contained  1 00  al  of  macrophage  supernatant  and 
100  al  of  T  cell  supernatant. 

TABLE  VI 

Ability  of  diluted  supernatants  from  cultures  of  immune  T  cells. 

macrophages,  and  heat-kllled  bacteria  to  kill  Hue  P.  aeruginosa 


Supernatant 

Dilution 

Bacteria  Surviving 
(%  kllledf 

p  Value  vs 
Media  Control 

p  Value  vs 
Dilution 

Media 

1.256  ±  146  (—) 

— 

0.0002 

Vi 

664  ±  12(47) 

0  0002 

— 

‘A 

824  ±  26  (34) 

0.003 

0.2 

Va 

736  ±  42(41) 

0.0006 

0.5 

Vu 

1.008  ±  128(20) 

0.06 

O.OI 

*  Mean  ±  SEM  of  bacteria  surviving  In  four  mlcrowells. 

terla,  killed  only  21%  of  the  bacteria,  significantly  fewer 
bacteria  than  were  killed  by  the  T  cell  supernatants  (p  = 

O. 02).  Adding  macrophage  supernatant  to  T  cell  super¬ 
natant  did  not  significantly  alter  the  killing  by  the  T  cell 
supernatant  (p  =  0.2.  T  cell  supernatant  us  combined  T 
cell  and  macrophage  supernatants),  and  if  anything, 
served  only  to  dilute  and  reduce  the  bactericidal  effect  of 
the  T  cell  supernatant.  This  experiment  therefore  pro¬ 
vides  direct  evidence  that  T  cells  secrete  a  bactericidal 
factor,  the  effect  of  which  is  not  enhanced  by  macro¬ 
phage  supernatants. 

Ability  of  different  concentrations  of  supernatant  to 
kill  bacteria.  To  determine  the  potential  physiologic  role 
of  the  bactericidal  product  secreted  by  T  cells,  we  asked 
whether  this  product  is  produced  in  concentrations  that 
would  be  effective  systemically  in  vivo.  We  compared 
killing  at  various  dilutions  of  supernatant  with  the  killing 
observed  In  media  control  wells  and  with  the  killing 
observed  in  wells  with  the  highest  supernatant  concen¬ 
tration.  Because  live  bacteria  had  to  be  added  to  the 
undiluted  supernatants  to  evaluate  killing,  the  most  con¬ 
centrated  supernatant  evaluated  was  1/2.  The  results 
(Table  VI)  demonstrate  that  significant  killing.  In  com¬ 
parison  to  media  controls,  is  achieved  until  the  superna¬ 
tant  is  diluted  1/12.  At  that  point  the  killing  is  also 
significantly  less  than  that  achieved  with  the  highest 
supernatant  concentration  (1/2  dilution).  This  observa¬ 
tion  suggests  that  the  lethal  component  in  the  culture 
supernatants  Is  not  potent  enough  to  be  effective  system¬ 
ically.  and  If  it  does  function  in  uiuo.  It  functions,  like 
other  lymphokines,  only  over  short  distances. 

Specificity  of  killing  by  culture  supernatants.  To  In¬ 
vestigate  whether  the  bactericidal  T  cell  product  Is  spe¬ 
cific  in  its  activity,  we  collected  supernatants  from  3-hr 
cultures  of  Immune  T  cells,  macrophages,  and  heat-killed 

P.  aeruginosa,  and  placed  100  >il  in  mlcrowells  contain¬ 
ing  approximately  10^  colony-forming  units  of  either  S. 
aureus,  E.  coll,  or  the  original  strain  of  P.  aeruginosa 


IT-1.  In  a  separate  experiment,  we  compared  survival  of 
our  original  strain  of  P.  aeruginosa  IT-1  with  a  strain  of 
P.  aeruginosa  that  is  highly  resistant  to  gentamicin.  The 
latter  experiment  was  performed  to  determine  whether 
the  killing  we  were  ob^rving  was  due  to  the  overnight 
incubation  of  the  T  cells  and  macrophages  in  medium 
containing  gentamicin.  The  results  (Fig.  3)  demonstrate 
that  the  killing  is  not  specific.  The  supernatant  was  able 
to  reduce  the  number  of  viable  S.  aureus  and  £.  coll, 
compared  with  their  respective  media  controls,  even  more 
effectively  than  It  reduced  the  number  of  viable  P.  aerugi¬ 
nosa.  The  gentamicin-resistant  strain  was  also  killed  by 
the  supernatant,  confirming  that  the  killing  was  not 
related  to  the  previous  exposure  of  Immune  cells  to  that 
antibiotic. 

DISCUSSION 

in  this  report  we  described  the  in  vitro  conditions  under 
which  T  cells  can  kill  the  extracellular  bacterium  P. 
aeruginosa.  The  killing  is  mediated  by  immune  T  cells, 
which  must  interact  with  macrophages  in  vitro  before 
optimal  bacterial  killing  can  occur.  Macrophages  are  not 
required,  however,  during  the  exposure  of  T  ceils  to  bac¬ 
teria,  indicating  that  in  this  system,  macrophages  do  not 
function  to  present  antigen  to  T  cells.  T  cells  from  mice 
Immunized  with  an  unrelated  P.  aeruginosa  PS  are  not 
stimulated  to  kill  lT-1  P.  aeruginosa  in  vitro.  Our  im¬ 
munization  protocol  does  not  Induce  detectable  antibody 
production  In  utuo.  and  In  vitro  B  cells  are  significantly 
less  effective  than  T  cells  in  promoting  bacterial  killing. 
Soluble  factors  in  supernatants  from  cultures  of  Immune 
T  cells  that  had  been  exposed  In  vitro  to  both  macro¬ 
phages  and  bacteria  can  kill  the  bacteria  in  a  cell-free 
environment.  These  supernatants  are  nonspecific  In 
their  activity. 

Our  system  represents  a  heretofore  undescribed  mech¬ 
anism  by  which  immune  cells  can  kill  bacteria.  Described 
mechanisms  of  killing  of  extracellular  bacteria  Include 
direct  lysis  by  complement  (10).  phagocytosis  by  macro- 


DnaMM  Smitm 

bacterial  strain 

Figures.  Ability  of  supernatants  from  mlcrowells  containing  macro¬ 
phages.  Immune  T  cells,  and  heat-kllled  P.  aeruginosa  (P.a.)  IT-I  to  kill 
other  bacteria.  In  each  experiment,  the  survival  of  bacteria  In  wells 
containing  the  culture  supernatant  and  the  given  bacterial  strain  was 
compared  to  wells  containing  f  resh  tissue  culture  medium  and  that  strain 
of  bacteria.  Each  point  represents  the  mean  ±  SEM  of  four  mlcrowells. 
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phages  or  granulocytes  of  opsonized  bacteria  (ll),  or 
destruction  of  antib^y-coated  bacteria  by  various  types 
of  killer  cells  (12).  None  of  those  mechanisms  plays  a  role 
In  the  current  system  of  killing. 

Neither  antibody  nor  complement  is  required  to  achieve 
killing  in  our  assay.  The  BALB/c  mice  from  which  the 
immune  T  cells  were  derived  do  not  produce  detectable 
serum  antibody  in  response  to  immunization  (5).  an  ob¬ 
servation  that  was  reconfirmed  in  the  present  studies 
(data  not  shown).  Fewer  than  5%  of  the  cells  in  the  culture 
are  B  cells,  and  the  addition  of  large  numbers  of  heat- 
killed  bacteria  to  the  cultures,  which  would  be  expected 
to  adsorb  any  antibody  secreted  by  contaminating  B  cells, 
does  not  reduce  the  magnitude  of  the  observed  killing. 
Furthermore,  the  fetal  calf  serum  used  in  the  culture 
medium  was  heat-inactivated  and  adsorbed  multiple 
times  to  ensure  that  no  exogenous  source  of  antibody  or 
complement  was  present.  The  direct  addition  of  B  cells 
to  this  assay  system  yielded  significantly  less  killing  than 
was  observed  with  B  cell-depleted.  T  cell-enriched  popu¬ 
lations. 

Two  points  about  this  killing  mechanism  are  of  partic¬ 
ular  interest.  First,  the  final  product  that  kills  the  bac¬ 
teria  is  a  lymphoklne.  Most  studies  of  bacterial  killing 
have  focused  on  macrophage  or  granulocyte  products, 
either  lysosomal  or  extracellularly  secreted  (13.  14). 
Whereas  T  cell  products  such  as  interferon  may  be  potent 
inhibitors  of  viral  replication  (15),  the  notion  that  T  cells 
may  secrete  bactericidal  products  is  a  novel  one. 

S«;ond,  our  observations  define  a  new  role  for  the 
macrophage  in  bacterial  killing.  In  this  system,  some  type 
of  interaction  between  macrophages  and  T  cells  is  re¬ 
quired  before  T  cells  can  respond  to  bacteria  by  secretion 
of  a  lethal  product.  In  studies  of  bacterial  killing,  macro¬ 
phages  have  traditionally  functioned  to  present  antigen 
to  T  or  B  cells  and  to  phagocytize  bacteria.  Because  in  the 
current  system  the  necessary  Interaction  between  T  cells 
and  macrophages  can  occur  in  the  absence  of  antigen, 
macrophages  are  not  functioning  to  present  antigen  to  T 
cells.  Furthermore,  because  bacterial  killing  occurs  in 
the  absence  of  macrophages,  those  ceils  do  not  have 
phagocytic  function.  Characterization  of  the  essential 
role  macrophages  play  in  this  killing  mechanism  requires 
further  study. 

How  vinblastine  functions  in  the  eiicitation  of  this 
immune  response  Is.  as  yet,  undefined.  From  preliminary 
evidence  (unpublished  observations),  we  suspect  that  by 
removal  of  a  suppressor  cell,  this  agent  enhances  prolif¬ 
eration  of  the  clone  of  immune  T  cells  that  responds  to 
the  immunizing  PS.  This  hypothesis  is  based  on  the 
observation  that  T  cells  from  vinblastine-treated  mice 
spontaneously  proliferate  in  vitro,  and  that  adoptive 
transfer  of  normal  spleen  cells  to  vinblastine-treated 
mice  prevents  the  subsequent  in  vitro  proiiferation.  It 
would  appear  that  by  expanding  the  clone  of  P.  aerugi¬ 
nosa-immune  T  cells,  vinblastine  acts  to  magnify  and 
make  more  observable  the  Immune  response  that  may 
already  be  occurring  after  Immunization  with  the  PS 
alone.  This  effect  would  be  similar  to  that  described  for 
cyclophosphamide  with  sheep  red  blood  cells  used  as  an 
antigen  (16). 

In  a  previous  study,  we  showed  that  T  cells  from  mice 
given  re  and  vinblastine  could,  in  the  absence  of  specific 
antibody,  adoptively  transfer  protective  immunity  to 


challenge  with  live  bacteria  (5).  We  can  only  speculate  on 
whether  the  mechanism  of  in  vitro  T  cell  killing  we 
describe  here  is  the  same  as  that  involved  in  in  uiuo 
protection.  It  appears  that  if  it  functions  in  vivo,  this 
mechanism  of  T  cell  killing  must  be  active  only  in  local 
immunity,  at  sites  at  which  T  cells,  macrophages,  and 
bacteria  would  congregate,  and  at  which  the  lymphoklne 
would  be  present  in  concentrations  great  enough  to  kill 
bacteria.  The  rapid  loss  of  bactericidal  activity  with  di¬ 
lution  of  the  lymphoklne  suggests  that,  like  many  other 
lymphokines.  this  bactericidal  factor  cannot  function  at 
long  distances  or  within  the  bloodstream,  where  its  activ¬ 
ity  might  be  diluted.  T  cell  immunity  to  extracellular 
bacteria  could  then  function  in  a  complementary  manner 
with  antibody,  which  does  promote  destruction  of  bacte¬ 
ria  that  enter  the  circulation. 

Studies  in  rats  (17)  and  mice  (18)  have  demonstrated 
that  T  cell  immunity  is  critical  in  resistance  to  infection 
with  another  extracellular  bacterial  pathogen.  Bacte- 
roides Jragllis.  The  pathologic  features  of  infection  with 
B.  Jragllis.  characterized  by  the  development  of  ab¬ 
scesses.  are  distinct  from  that  of  P.  aeruginosa,  and 
preliminary  reports  Indicate  that  the  T  cell  mechanism 
involved  in  killing  of  B.  Jragllis  is  complement-dependent 
and  mediated  by  a  non-secreted.  antigen-specific  T  cell 
product  (19).  It  appears  that  more  than  one  T  cell  mech¬ 
anism  may  be  Involved  in  resistance  to  infection  with 
extracellular  bacteria. 

The  importance  of  T  cell  immunity  In  resistance  to 
infection  remains  to  be  determined.  There  are  well-de¬ 
scribed  clinical  situations  in  which  localized  infection 
develops  and  progresses  despite  circulating  antibody  (20- 
22).  Most  relevant  to  P.  aeruginosa  are  children  with 
cystic  fibrosis,  who  develop  chronic,  localized  P.  aerugi¬ 
nosa  pulmonary  infections  despite  their  extraordinarily 
high  levels  of  antibody  to  the  infecting  organisms.  Al¬ 
though  these  high  antibody  levels  prevent  bacteremia, 
they  do  not  prevent  the  recurrent  exacerbation  of  lung 
disease  associated  with  P.  aeruginosa  infection  in  cystic 
fibrosis  patients.  Whether  a  failure  of  local  T  cell  immu¬ 
nity  accounts  for  this  persistent  infection  is  of  consider¬ 
able  Interest  and  can  now  be  readily  evaluated  by  adap¬ 
tation  of  this  In  vitro  system  to  address  the  clinical 
problem. 

Acknowledgments.  We  thank  Drs.  Judith  Kappand  J. 
Russell  Little  for  critically  reviewing  this  manuscript. 

REFERENCES 

1.  Hahn,  H.,  and  S.  H.  E.  Kaufmann.  1981.  The  role  of  cell-mediated 
Immunity  In  bacterial  Infections.  Reu.  Inject.  Dis.  3.1221. 

2.  Pavlovskia.  O.  R..  M.  Pollack.  L.  T.  Callahan,  and  B.  H.  Iglewski. 
1977.  Passive  protection  by  antitoxin  in  experimental  Pseudomonas 
aeruginosa  bum  Infection.  Inject,  fmmun.  I8;596. 

3.  Alexander.  J.,  and  M.  W.  Pisher.  1974  Immunization  against  Pseu¬ 
domonas  Infection  after  thermal  Injury.  J.  Inject.  DIs.  130:5152. 

4.  Markbam,  R.  B.,  and  G.  B.  Pier.  1983.  Characterization  of  the 
antibody  response  In  Inbred  mice  to  a  high-molecular-welght  poly¬ 
saccharide  from  Pseudomonas  aeruginosa  Immunotype  1 .  Irifect. 
Immun.  41:232. 

5.  Pier,  O.  B.,  and  R.  B.  Markham.  1982.  Induction  in  mice  of  cell- 
mediated  Immunity  to  Pseudomonas  aeruginosa  by  high  molecular 
weight  polysaccharide  and  vinblastine.  J.  Immunol.  128:2121. 

6.  Wjrsockl.  L.  J.,  and  V.  L.  Sato.  1978  'Panning"  for  lymphocytes:  a 
method  for  cell  selection.  Proc.  Nall  Acad.  Set.  USA  75:2844. 

7.  Pier,  C.  B.  1982  Safety  and  Immunogenicity  of  high  molecular 
weight  polysaccharide  vaccine  from  Immunotype  I  Pseudomonas 
aeruginosa.  J.  Clin.  Inuest.  69:303. 

8.  Pier.  G.  B.,  R.  B.  MarMiam,  and  D.  D.  Eardley.  1981.  Correlation  of 


ifi  yITKU  KlUUNii  OF  F.  AtiKUUlNUSA  0  Q 


the  btohMlcal  responses  of  C3H/HeJ  mice  to  endotoxin  with  the 
diemlcsland  structursi  properties  of  the  Upopolyaaccharldes  from 
pyWdomonos  aeruginosa  and  BschertchUt  colt.  J.  Immunol. 
127'  181 

9.  GlaU,  8.  A.  1981.  Primer  of  Btostattsttcs.  McGraw-Hill  Book  Com¬ 
pany.  New  York.  Pp.  30-45. 

10  Moreau.  S.  C.  and  R.  C.  1975.  Complement-medlaled 

■  tm-orirtHai  system;  evidence  for  a  new  pathway  of  complement 

action.  Science  190:278. 

1 1  Ho^ta.  M.  A.  1982.  Phagocytosis  of  microorganisms.  Kev.  Infect. 
Dts.  4:104. 

12  Uiwell.  G.  H..  L.  r.  Smith.  M.  &  Aitenatein.  G.  S.  Nash,  and  R.  P. 
MacOennott.  Jr.  1979.  AnUbody-dependent  cell-mediated  antibac¬ 
terial  acuvlty  of  human  mononuclear  cells.  1.  K  lymphocytes  and 
monocytes  are  effective  against  meningococci  In  cooperation  with 
human  immune  sera.  J.  Exp.  Med.  150:127. 

13  Murray.  H.  W..  C.  W.  Juangbhanich.  C.  P.  Nathan,  and  Z.  A.  Cohn. 
1979.  Macrophage  oxygen-dependent  antimicrobial  activity.  II.  The 
role  of  oxygen  Intermediates.  J.  Exp.  Med.  150:950. 

14.  Root.  R.  K..  and  J.  A.  Metcalf.  1977.  H,0,  release  from  human 
granulocytes  during  phagocytosis.  J.  Clin.  Invest.  60: 1 266. 


15.  Priedman.  R.  M.  1977.  Antiviral  activity  of  Interferoiu.  BactertoL 
Rev.  41:543. 

16.  Sband.  P.  C..  and  P.  Y.  Uew.  1980.  Differential  susceptibility  to 
cyclophosphamide  of  helper  T  cells  for  humoral  and  suppressor  T 
cells  for  delayed-type  hypersensitivity.  Bur.  J.  Immunol.  10:480. 

17.  Onderdonk.  A.  B..  R.  B.  Markham.  D.  Zaleanik.  R.  L.  Ctencros.  and 
D.  L.  Kasper.  1982.  Evidence  for  T-cell  dependent  Immunity  In  an 
Intra-abdomlnal  abscess  model.  J.  Cllru  fiwest.  69:9. 

18.  Shapiro.  M.  B..  A.  B.  Onderdonk.  D.  L.  Kaaper.  and  R.  W.  Pinberg. 
1982.  Cellular  Immunity  U>  Bacteroldes  Jragllls  capsular  polysac¬ 
charide.  J.  Exp.  Med.  155: 1 188. 

19.  Zaleznick.  D.  P..  R.  W.  Pinberg.  K.  f.  Lally.  A.  B.  Onderdonk.  and 
D.  L.  Kasper.  1983.  Cooperation  of  T  cells  and  complement  In 
Immunity  to  Intra-abdomlnal  abscess  formation.  Clin.  Res.  3t:379A 
lAbstr.). 

20.  Gorbach.  S.  L.,  and  J.  G.  Bartlett.  1974.  Anaerobic  Infections.  N. 
Engl.  J.  Med.  90:1 177. 

21.  Polk.  B.  P..  and  D.  L.  Kasper.  1977.  Bacterotdes/mgtlls  subspecies 
In  clinical  Isolates.  Ann.  Intern.  Med.  86:569. 

22.  Diaz.  P..  U  L.  Mooovich.  and  E.  Neter.  1970.  Serogroups  of  Pseu¬ 
domonas  aeruginosa  and  the  Immune  response  of  patients  with 
cystic  fibrosis.  J.  Infect.  DIs.  121:269. 


